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Abstract 
 
Energy conversion efficiency is an important factor for the long-term feasibility of 
photovoltaic systems. Significant work has been carried out into improving the effectiveness 
of solar arrays in recent years. In addition, there has been substantial research into novel 
power converter topologies for maximum energy efficiency. However, in photovoltaic 
applications, even the most promising power converter topologies do not necessarily 
guarantee optimum performance under all operating conditions. For instance, the efficiency 
of the power conversion stage may be excellent during periods of high irradiance, but 
significantly lower in poorer light conditions. This work attempts to address this problem, by 
seeking to achieve higher energy conversion efficiency under sub-optimal conditions. In this 
thesis, stand-alone photovoltaic systems using DC-DC boost converters are considered. An 
interleaved boost converter with novel switch adaptive control scheme is designed to 
maximise system efficiency over a wider range of real-time operating atmospheric 
conditions and with different load conditions without incurring significant additional cost.  
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1. Introduction 
1.1. Background 
For the past 150 years, primarily driven by global industrialisation, the world economy has 
been running from fossil fuels which were previously relatively cheap and abundant. Fossil 
fuel supplies are now significantly depleted and it is expected that availability of these 
resources will become even more scarcer over the next 20 - 40 years [1].  Furthermore, due 
to their polluting effects, fossil fuels are a major cause of climate change. Energy 
consumption accounts for more than 60% of the CO2 emitted into the atmosphere [2]. To 
avoid the anticipated effects of global warming, the only way is to change consumption 
behaviour and move to low carbon energy systems. For this reason, scientists have 
considered alternative solutions for the supply of energy which can extract energy with 
minimal negative impact on human life and the environment [3].  
Over the last twenty years the issue of energy supply has been widely discussed due to the 
shortage in oil and gas, increasing fuel prices, and rapid increase in energy demand due to 
continued growth in the global population and industrialisation. At recent geopolitical 
events, talks about alternative sources of energy have gained additional attention and 
investment in renewable energy is no longer only a means of addressing climate change, 
but also now plays a very important part in sustainable economic growth over future years 
[4]. Indeed, 2012 was the international year of sustainable energy as declared by The 
United Nations General Assembly and Ban Kimono who supported the agenda which 
sought to mobilise action on three key objectives:(1) to improve the rate of energy 
efficiency, (2) to double the share of clean energy in the global energy mix and (3) to 
provide universal access to modern energy services. All three are to be achieved by 2030 
[5].  
In recent years, application of renewable energy has continued to grow strongly despite 
economic crises and the Arab Spring which slowed development in North Africa and the 
Middle East. Investment in renewable energy increased by 17% in 2011, $257 billion 
which is a new record and six times greater than the figure for 2004, the boom of 
investment in solar power jumped by 52% to $147 billion and spectacularly surpassed the 
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largest single sector investment in recent years, wind power [5]. In 2011, the European 
Union established more renewable energy capacity than ever before. At the year-end of 
2011, the top five countries in terms of total installed capacity of solar power were 
Germany, Italy, Japan, Spain, United States; these were closely followed by the rapidly 
expanding China. 
Also in 2011, other countries saw many significant achievements in the area of off-grid and 
standalone energy solutions. Access to reliable renewable energy not only counters the 
environmental and health hazards associated with current energy resources, but can also 
provide basic energy requirements such as lighting, cooking, cooling and heating. This is 
especially important to people who live in rural communities and poor urban areas where 
geographical limitations, unaffordable existing power networks and absence of the grid 
network are familiar issues.  For example, Bangladesh has installed 1.2 million rural 
domestic solar systems and created about 60,000 jobs in the solar sector to improve the 
efficiency and quality of life. Moreover, a pilot project was financed by the Word Bank to 
provide 1,050 lighting systems to rural homes in two of the poorest states in Mexico. In 
Africa, Botswana provided electricity to 350 villages by means of solar energy and in 
eastern Zambia, energy supply companies provided 400 photovoltaic (PV) systems to 
households [5] [6]. 
Improvement in energy efficiency saved the world about 915 EJ of energy between 1990 
and 2007 and in developing countries the potential for further improvement is still vast. 
Renewable energy can work to reduce the electricity demand on the grid, decrease losses, 
and cost associated with transmission within the grid network [5].  
Photovoltaic power generation is gaining increased importance as a renewable source due 
to a number of advantages; absence of fuel cost, low maintenance, lack of noise and 
minimal wear due to absence of moving parts and a pollution-free operation once it is 
installed [7] [5] [4] . In addition, solar PV Pico systems and home PV systems are very 
popular for lighting solutions in African villages, rural and urban communities and also in 
other developed countries that have a considerable amount of solar radiation [5]. As PV 
systems are required to be of lower cost, smaller size and operate more efficiently, this 
research focuses on standalone PV systems with the aim of improving system efficiency 
over a wider range of atmospheric conditions than observed in many existing systems. 
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1.2. The art of standalone photovoltaic (PV) system  
Stand-alone PV systems have become globally accepted as a feasible and practical tool for 
generating electricity; especially in urban regions where transporting electricity is either 
very difficult or expensive. The typical standalone PV system, which will be investigated in 
this study, with minimum system elements is shown in Fig. 1.1. The main elements of the 
system are a PV array to convert sun light to electricity, maximum power point tracking 
controller to control PV array output power at the maximum, DC to DC converter to step-up 
or step-down the voltage and current levels and the DC load of the user. During the last 
decade, many researchers have been interested in reducing the cost and increasing the 
efficiency of standalone PV systems. The overall cost has generally declined due to 
reductions in component costs, especially the PV array. Also, the efficiency of these systems 
has improved by up to 78% in the current decade [8] [9]. To maximize the efficiency to 
these systems, the main element needs to be investigated which is the energy conversion 
system including MPPT algorithm.  
 
 
 
PV array
Vpv
Ipv
PWM
lo
a
d
MPPT+PI
controller
DC/DC
Boost
converter
 
 
Fig. 1.1, Block diagram of a typical standalone PV system 
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1.2.1. Photovoltaic (PV) array 
 
PV arrays harness the energy of the sun by converting it into electricity via a photoelectric 
process. The first generation of silicon semiconductor photovoltaic cells was in 1954 [10]. 
The photovoltaic solar cell consist of a p-n junction fabricated in a thin wafer, or layer, of 
semiconductor (usually crystalline silicon). In the dark, the I-V output characteristic of a 
solar cell has an exponential characteristic similar to that of a diode [11] [12] . When solar 
energy photons hit the solar cell with energy greater than the band gap energy of the 
semiconductor, electrons are knocked loose from the atoms in the material, creating 
electron-hole pairs [12],[13]. These carriers are swept apart under the influence of the 
internal electric fields of the p-n junction and create a current proportional to the incident 
radiation. When the cell is short circuited, the current flows in an external circuit, when the 
cell is open circuit, the current is shunted internally by the intrinsic p-n junction diode. The 
characteristics of this diode therefore set the open circuit voltage characteristics of the cell 
[11] [12]. PV materials are either thin film or crystalline, and they are judged on two basic 
factors: cost and efficiency. The crystalline panel is more efficient and costly in comparison 
to the thin film panel [14]. Nowadays, different materials are used to manufacture the cell 
and an efficiency of 16% can be reached [15]. 
 Solar cells, supports, connections and protection components represent the whole assembly 
for generating photovoltaic (PV) panel power. As the industry makes commercial PV 
modules of different sizes, a number of photovoltaic modules are usually arranged in parallel 
and series to meet energy requirements. The typical I-V characteristics of a PV array are 
shown in Fig. 1.2. When multiplying the current and voltage of the array, a P-V 
characteristic can be acquired as shown in Fig. 1.3, the maximum power point (MPP) 
indicates the point of maximum panel power output.  
Fig. 1.2, I-V characteristics of a typical PV panel 
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Fig. 1.3, P-V characteristics of a typical PV panel 
 
 
1.2.2. Maximum power point tracking (MPPT) controller 
Since the PV generator exhibits nonlinear characteristics, its maximum power point (MPP) 
varies with solar insolation, and there is a unique operating point of the PV generator at 
which its power output is at a maximum as shown in Fig. 1.4. Therefore, for maximum 
utilization efficiency, it is necessary to use a maximum power point tracking algorithm to 
generate all available PV panel maximum power under different insolation to the load. For 
this reason, many maximum power point tracking algorithms have been researched and 
developed alongside their optimization techniques [16],[17],[18] and indicated that the 
Perturbation and Observation (P&O) and Incremental Conductance (IC) algorithms are the 
most efficient [17]. However, in the literature review presented in Chapter two of the thesis, 
a range of maximum power point tracking methods for standalone systems is discussed. The 
MPPT selection is based on the following requirements: 
 
- The ability of the algorithm to detect multiple maxima 
- Cost of implementation 
- Ease of implementation/computational complexity 
- Convergence speed  
- High efficiency within a wide output PV power range 
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Fig. 1.4, I-V Characteristics of a typical PV panel with MPPT control 
 
1.2.3. DC-DC boost converter 
In general, the definition of a power converter is an electronic device which converts the 
electrical quantities (magnitude, frequency or phase angle) of voltage and current with the 
help of a switching arrangement to match the load requirement. In order to continuously 
adjust the voltage, current levels and match the PV source to the load in a standalone PV 
system, a DC to DC boost converter is typically required. There are two sorts of DC/DC 
boost converter, an isolated boost converter and a non-isolated boost converter. During the 
last decade, a large number of DC to DC boost converter topologies have been proposed to 
maximize the efficiency of PV systems. For example, Dwari [19] has used a common active 
clamp to achieve high efficiency with an interleaved inductor-coupled boost converter. 
However, in this topology each phase of the interleaved converter requires an active clamp 
circuit which leads to an increase in cost, size and complexity [19]. Also, Wuhua [20] used a 
voltage multiplier cell with an interleaved boost converter to increase the efficiency further, 
but this is also achieved with extra components and additional cost.In literature, a number of 
different boost converters are proposed.  Chapter two of the thesis investigates applicable 
boost converter topologies for use in standalone photovoltaic systems. The requirements in 
the selection process are: 
- To achieve high conversion efficiency for a wide  PV power range  
0 10 20 30 40 50 60
0
1
2
3
4
5
6
 V volts
 I
 A
m
p
s
T= 25C
mpp
mpp
Maximum Power 
point (MPP)
Imp
500
1000 w/m2
w/m2
200 w/m2
Vmp
8 
 
- Low cost implementation 
- Ease of implementation and control 
- Limit the current and voltage ripple in the system 
- Achievable voltage gain 
 
1.2.4. DC load 
A stand-alone PV system directly supplies and operates electrical equipment, unlike grid-
connected PV systems which inject electricity back into the grid network.  The load in a 
stand-alone PV system can be one or more of a range of applications, for example, lighting, 
television, water pumps, motors, electronic gadgets, space satellites, telecommunication 
devices in remote areas and heating. As such, tand-alone PV systems can be connected to 
either DC or AC loads. Matching the power requirements of the load to the capabilities of 
the PV system is essential to optimise the efficiency and cost of the overall system.  
Furthermore, the type of load (resistive, inductive, capacitive, storage elements) may 
directly influence the dynamic performance of the PV system.  
 
In this work, only DC load systems will be considered. Therefore, inverter technology will 
not be considered. Furthermore, it will be assumed that the load does not contain significant 
storage elements such as batteries. Chemical cells require specific attention and care, and 
present significant health and safety issues when conducting practical work. DC loads can 
typically be resistive loads or inductive loads, or both - as in the case of DC motors in fans 
or pumps. Furthermore, some DC lighting systems, such as fluorescent and low-pressure 
sodium lamps, are inductive loads. Examples of resistive loads include alternative lighting 
systems (incandescent lamps, quartz halogen lamps) and resistive heating devices such as 
toasters, soldering irons, coffee makers, and domestic heating applications such as hot water 
tanks. 
 
Due to the limitation of equipment available in the lab, the majority of the analysis presented 
in this thesis will be applied to standalone PV system connected to a simple resistive DC 
load. However, for completeness, a brief simulation study applied to inductive type loads is 
provided to demonstrate the versatility of the control schemes presented in the thesis. 
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Often, the real-time load demand varies according to the time of day and also between 
working week days and weekends. An example of the change in load profile for a typical 
application is shown below in Fig. 1.5 [21]. As shown in the figure, there is a significant 
variation in load demand. This will impact on the control of the stand-alone PV system and 
typically affect its operation as it attempts to achieve optimum efficiency under all 
conditions. For this reason, this work considers an experimental standalone PV system 
which is tested with different load demands to establish the effect on the system efficiency. 
 
 
Fig. 1.5, Lighting load profile of public office in Kuwait at different hours of the weekday 
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1.3. Research objectives 
The aim of the research presented in this thesis is to help improve the efficiency of DC/DC 
boost converter based photovoltaic applications. This goal can be achieved by accurately 
evaluating and understanding the performance of a standalone PV system over a wide range 
of operating conditions. Upon performing this analysis, the impact of fluctuating output 
power is considered. To increase the efficiency level of PV systems, an extensive study is 
required to consider different boost converter topologies and MPPT algorithms to mitigate 
the often undesirable impact of real-time power fluctuation in PV systems. Accordingly, the 
main objectives of the research can be summarized as follows:   
 
1- To simulate and carry out the performance analysis of standalone PV systems in 
general to meet typical rural/residential demands. 
2- To simulate and study the effects of a standalone PV system with and without 
maximum power point tracking (MPPT) control. 
3- To build and study a typical model of a standalone photovoltaic (PV) system with a 
focus on the photovoltaic PV model, boost converter and maximum power tracker 
controller. Also to look into improving the efficiency of a DC/DC boost converter 
with maximum power point tracking (MPPT) by developing a novel control 
algorithm which will enable the boost converter to operate at higher efficiency over a 
wider range of input PV conditions. 
4- To experimentally confirm the simulation findings on a small DC/DC converter 
based system. To develop and evaluate a new control strategy to improve the 
efficiency of the PV system. To test overall system efficiency under different 
atmospheric conditions by using a programmable power supply acting as a solar 
panel emulator. 
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1.4. Outline of thesis 
 
To achieve the aforementioned objectives and facilitate the presentation of the result 
obtained in this research, the thesis is organized as follows: 
1- Chapter one provides a general overview of renewable energy and describes the 
standalone PV systems. This chapter also looks at the components of a standalone 
PV system from the solar array to the load and presents the research objectives and 
outlines the thesis. 
2- Chapter two reviews recent achievements and current research activity on DC-DC 
boost converters and MPPT control algorithms in the field, it discusses the positive 
and negative aspects that have emerged from the research. As a conclusion, the 
correct boost converter and MPPT method to be used in the introduced Standalone 
PV system is selected. 
3- Chapter three describes the design, build, and modelling of the software and 
hardware of the standalone PV system.  
4- Chapter four considers the conventional boost converter and investigates its 
performance with MPPT control. Moreover, chapter four discusses the result with 
fixed and varied PV insolation (hence array power) and variable load.  
5- Chapter five considers the interleaved boost converter and investigates its 
performance with MPPT control. A similar approach to Chapter four is presented. 
This chapter also summarises the findings associated with the interleaved boost 
converter. 
6- Based on the results of Chapters four and five, Chapter six presents a new 
interleaved converter design with novel control strategy. This is a key chapter of the 
thesis, it presents the main contribution to knowledge and confirms the successful 
achievement of the initial research objectives. 
7- The last chapter, Chapter seven, presents the summary and final conclusions of the 
work. Suggestions for future work are also provided. 
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2. Literature Review  
2.1. Review of the methods of Maximum Power Point Tracking (MPPT)     controller 
Tracking the maximum power point (MPP) of a photovoltaic array is an essential stage to 
increase the efficiency of most PV systems [22] [23]. It is a technique that is used to obtain 
the maximum power by measuring and sampling the output voltage and/or current of the 
solar array, and then controlling a power converter or adjusting the load to ensure maximum 
power is delivered to the load system for any given atmosphere condition. Many MPPT 
methods have been introduced and numerous variants of each method have been proposed to 
overcome specific disadvantages. The large number of methods proposed can make it 
difficult to determine the best technique to adopt when implementing a PV system [24]. The 
methods all vary in complexity, number of sensors required, digital or analogue 
implementation, convergence speed, tracking ability, and cost effectiveness. Furthermore, 
the type of application can have a significant impact on the selection of MPPT algorithm. 
For this reason, thesis summarises the most popular MPPT techniques in use today. Two 
promising methods are then highlighted for consideration when implementing a system 
which needs to cope well over a wide range of irradiance conditions. 
2.1.1. Perturbation and observation (P&O) method 
The P&O algorithm [17] [18] as shown below in Fig. 2.1 and Fig. 2.2 operates by increasing 
or decreasing the array terminal voltage, or current, at regular intervals and then comparing 
the PV output power with that of the previous sample point. If the PV array operating 
voltage changes and power increases (dP/dVpv>0), the control system adjusts the PV array 
operating point in that direction; otherwise the operating point is moved in the opposite 
direction. At each perturbation point, the algorithm continues to operate in the same manner 
[25] [26].  
The main advantage of this approach is the simplicity of the technique. Furthermore, 
previous knowledge of the PV panel characteristics is not required. In its simplest form, this 
method generally exhibits good performance provided the solar irradiation does not vary too 
quickly [17]. At steady state, the operating point oscillates around the MPP voltage and 
usually fluctuates slightly. For this reason, the perturbation frequency should be low enough 
so that the system can reach steady state before the next perturbation.  Also, the perturbation 
step size must be sufficient so that the controller is not significantly affected by 
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measurement noise, and generates a measurable change in the photovoltaic array output [27] 
[28].      
 
                Fig. 2.1, dP/dV at different positions on the power characteristic [18] 
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Fig. 2.2, Flowchart of the P&O method 
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Combined P&O with CV 
The classic perturb and observe (P&O) method has the disadvantage of poor efficiency at 
low irradiation. For this reason, alternative solutions have been proposed. For example, 
Cristinel, Uffe, and Frede [29] combine a constant voltage (CV) algorithm with a modified 
P&O method as shown in Fig. 2.3 to track the MPP with high efficiency under both low and 
high solar irradiation conditions. The algorithm operates by increasing the duty cycle until 
the PV output voltage is close to the open circuit voltage of the panel (Voc), this is then used 
as the initial conditions for the MPP tracker. The algorithm then evaluates the current 
output; if the current is higher than (0.7A) the algorithm adopts the PO method; if it is lower 
it converts to the CV method. Simulation results demonstrate that overall greater energy can 
be extracted from the PV panel; efficiency levels of 95% to 99% are quoted over a wide 
irradiation range [29]. However, there is a complication of combining the two methods.  
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  Fig. 2.3, Flowchart of the combined P&O with CV 
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Modified Perturb and Observe (MP&O) method 
The P&O method is also prone to erratic behaviour under rapid variation in light levels. This 
may result in slow, or incorrect, MPP tracking. C. Liu, R. Cheung [30], and A. Yafaoui, B. 
Wu [31], introduced a Modified P&O (MP&O) method to solve this problem. The method 
adds an irradiance-changing estimate process in every perturbation process to measure the 
amount of power variation caused by the change of conditions. Results show improved 
performance over the conventional P&O method. However, MP&O has a slow tracking 
speed which is approximately half of the conventional P&O method. 
Estimate, perturb and perturb (EPP) method 
To improve the tracking speed of the MP&O method, an Estimate, perturb and perturb 
(EPP) method is proposed by C. Lui, B. Wu, and R. Cheung [30] . The EPP algorithm uses 
one estimation step for every two perturbation steps. It has been shown experimentally that, 
compared to MP&O, the EPP method has faster tracking speed, and with a similar tracking 
accuracy [31]. 
 
Optimization of P&O method 
Ultimately, oscillations around the MPP give rise to loss of available energy [32]. To limit 
the impact of this issue, Nicola Femia shows how the P&O parameters can be optimised for 
the dynamic behaviour of the specific power converter under investigation [28]. 
 
Improved perturb and observe (dP-P&O) method 
During rapidly changing irradiation, it is possible for the classic P&O algorithm to become 
confused and track the MPP in the wrong direction [17] [33] [34]. D. Sera , T. Kerekes , R. 
Teodorescu, and F. Blaabjerg [18] offer a simple and effective solution to this problem; dP-
P&O. In this method, the power measurement is deconstructed to reveal the power coming 
from different sources. The MPPT is then provided exclusively with the power change 
created by its own previous instructions. To achieve this, an additional measurement of the 
solar arrays’ power is required. This is carried out at the mid-point of the MPPT sampling 
period, as shown in Fig. 2.4 and Fig. 2.5. The method has been experimentally tested and 
compared with the classic P&O method. The results show that the dP-P&O technique is able 
to prevent the P&O from tracking in the wrong direction during rapidly changing irradiation, 
and considerably increases tracking speed. 
17 
 
                                   
                      
  Fig. 2.4, Measurement of the power between two MPPT sampling instances [18] 
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Fig. 2.5, Flowchart of the dp-P&O method 
 
  
2.1.2. Incremental Conductance (IC) Method 
The Incremental Conductance (IC) algorithm, shown in Fig. 2.6, seeks to overcome the 
limitations of the perturbation and observation algorithm by using the incremental 
conductance of the photovoltaic. This algorithm works by searching for the voltage 
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operating point at which the conductance is equal to the incremental conductance. At this 
point, the system stops perturbing the operating point. The advantage of this algorithm is 
that it has the ability to ascertain the relative “distance” to the maximum power point (MPP), 
therefore it can determine when the MPP has been reached. Also, it is capable of tracking 
the MPP more precisely in highly variable weather conditions [29], and exhibits less 
oscillatory behaviour around the MPP compared to the P&O method,  even when the P&O 
method is optimized [33]. Nevertheless, the IC algorithm has the disadvantage that 
instability can result due to the use of a derivative operation in the algorithm. Also under 
low levels of insolation, the differentiation process difficult and prone to measurement 
noise; and results can be unsatisfactory [30] . 
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Fig. 2.6, Flowchart of the IC method 
 
  
There is an alternative IC algorithm presented in [17] which is called the Two-Model MPPT 
(ICb) algorithm and combines the CV and the IC method. If the irradiation is lower than 
30% of the nominal irradiance level the CV method is used, otherwise the IC method is 
adopted. Therefore this method requires the additional measurement of solar irradiation as 
shown in Fig. 2.7 [17]. 
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Fig. 2.7, ICb block diagram 
 
Advanced incremental conductance algorithm with a variable step size 
In general, the IC tracking approaches use a fixed iteration step size, which is determined by 
the accuracy and tracking speed requirement. The step size may be increased to improve 
tracking speed, however, accuracy is decreased. Likewise, reducing the step size improves 
the accuracy, but sacrifices the speed of convergence of the algorithm. To solve this 
problem, L. Jae Ho, B. HyunSu, and C. Bo Hyung [35] proposed an IC technique with a 
variable step size. This approach automatically adjusts the step size to the solar array 
operating point. When the operating point is judged to be far from the MPP, the algorithm 
increases the step size to enable the algorithm to operating point of approach quickly 
towards the MPP. However, when the operating point is close to the MPP, the step size is 
decreased. Through the variation of the step size, both improved accuracy and speed are 
accomplished.  Experimental results, based on a parallel buck converter system, validate the 
speed and robustness of the scheme. Furthermore, small signal modelling, confirms the 
stability of the system in almost all cases [35]. 
 
2.1.3. Open Voltage (OV) method 
The algorithm is introduced  by R. Faranda and S. Leva [17] and is based on the observation 
that the voltage of the MPP is always close to a fixed percentage of the open circuit voltage. 
The location of the maximum power point is adjusted by temperature and insolation level 
within a 2% tolerance band. The open-voltage algorithm technique selects 76% of the open 
circuit voltage (Vov) as the optimum operating voltage (Vop) at which the maximum output 
power can be obtained as shown in Fig. 2.8. This MPPT controller requires a static switch to 
be placed in series with the PV array to enable the open circuit voltage to be measured on 
demand. Whilst measuring the open circuit voltage, the current of the PV panel is zero (Ipv = 
0), so no power is delivered by the load and so momentarily the energy produced by the 
photovoltaic system is lost [17]. 
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                                                  Fig. 2.8, OV block diagram 
 
 
2.1.4. Constant Voltage (CV) method 
 
The constant voltage (CV) algorithm is one of the simplest MPPT algorithms. The operating 
point of the photovoltaic array is retained near the maximum power point (MPP) by 
regulating the solar output voltage to match an unmovable reference voltage     . The 
reference voltage value is set equal to the voltage at the maximum power point (      of the 
characteristic photovoltaic array. The algorithm assumes that PV panel variations, such as 
temperature and irradiation are not significant, and the constant reference voltage is 
adequate to achieve performance close to the MPP. For this reason, in practice, the CV 
algorithm may never exactly locate the MPP. During installation, it is usually necessary to 
gather data to establish the constant voltage reference, as this may change from one location 
to another. In low insolation conditions, it may be observed that the constant voltage 
technique is more effective than either the perturb and observe, or the incremental 
conductance algorithm [36] [17].  
 
2.1.5. Temperature (T) method  
A temperature MPPT algorithm is introduced in papers from R. Faranda, S. Leva, [17] and 
R. F. Coelho [37]. By looking at the V-I characteristics, it is observed that the short-circuit 
current (    ) of the solar array is proportional to the irradiance (G) level and is generally 
steady when the cell temperature changes, whilst the open-circuit voltage (    ) of solar 
panel is directly proportional to the PV array temperature (T). This algorithm employs 
temperature sensors fixed on the back surface of the PV array and voltage sensors. It starts 
by simultaneously measuring the temperature (   and the photovoltaic output voltage (    ) 
as shown in Fig. 2.9.  
 
TG
algorithm
D
Vpv
T
 
Fig. 2.9, TG block diagram 
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From the measurement, the value of maximum power point voltage (     ) is evaluated 
using the following equation: 
     (        (    )         (      ) 
Where        is the temperature coefficient of the      from data sheet information, and  
     is the reference temperature. 
From this, the incremental duty ratio (D) is determined from the difference between the 
desired value of        and the measured PV voltage (    ). This is updated at each sample 
interval to keep the output voltage of the PV array close to the maximum power point 
voltage, as shown in Fig. 2.10. 
As indicated in the results obtained by Faranda and Leva, the temperature method exhibits 
lower efficiency compared to the P&O and IC algorithms.[17]. Furthermore, the temperature 
algorithm requires datasheet information regarding the PV array, and the algorithm has to be 
updated to ensure accurate operation of the PV system and compensate for  parameter 
changes caused by system aging [37]. 
 
start
Measured
Vpv, and T
D(n) < D min Yes
No
Return
No
D(n) = D min
Calculation:
Vmpp (T) = Vmpp(Tref) + uVmpp(T-Tref)
∆D = [Vpv- Vmpp(T)] K(∆D)
D(n) = D(n-1)+∆D
D(n) > D min
D(n) = D min
Yes
 
Fig. 2.10, Flowchart of the temperature method 
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2.1.6. Parasitic capacitance method 
The parasitic capacitance algorithm was developed by Branbrilla [38], and it is similar to the 
incremental inductance (IC) algorithm, except that parasitic junction capacitance (Cpv) is 
included to model charge storage in the P-N junction of photovoltaic cells [39] [40]. This 
algorithm requires two multiplications with complexity of the control circuit [33]. 
 
2.1.7. Forced oscillation method 
This algorithm is presented by Tse [36], adding a small 100Hz voltage to the operation 
voltage of the photovoltaic voltage which leads to ripple power whose phase and amplitude 
are dependent on the location of the operating point to the MPP [33] as shown in Fig. 2.11.  
If the modulation takes place in zone A the left side of the MPP the ripple voltage of the 
power will be in phase. However, if the modulation happens in zone B to the right side of 
the MPP, with respect to the voltage the curling (wave or ripple) of the power output will be 
out of phase 180 degrees. If the operation point is exactly the MPP, then output power 
curling will have very small amplitude with double frequency of the curling of the voltage 
[33]. 
 
 
 
Fig. 2.11,Curve P-V for PV generator with power ripple caused by Vpv modulation [33]  
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The advantage of this algorithm is that it provides information on the location of the 
maximum power point when the analysis of the signal amplitude and phase. Moreover, the 
algorithm allows the operating voltage to be adjusted slowly towards the MPP voltage, so 
there will be no continuous oscillation around the maximum power point [33]. On the other 
hand, the oscillation method uses a more complex algorithm and evaluation of the signals at 
very low amplitude is difficult [33].  
  
2.1.8. Feedback voltage (current) method 
A Feedback Voltage (or Current) method has been applied by J. N. H.D. Maheshappa [41] 
and H. Chihchiang [42], It is used to tie the bus voltage at a constant level. It operates, as 
shown in Fig. 2.12, by comparing the PV voltage with the constant voltage and adjusting the 
duty cycle (D) of the converter to operate the PV array at a point close to the MPP. The 
method is low cost, computationally simple, and only uses one feedback control loop. 
However, it does not consider the effect of variations in temperature and irradiation [33].   
 
DC/DC
converter
PV
PWMK
-
+
ZVpv
Vref
 
Fig. 2.12, Voltage-feedback with PWM modulation 
 
 
2.1.9. Ripple Correlation Control (RCC) method 
Krein [43] who first proposed the ripple correlation method and it has been modified to 
resemble RCC by Arcidiacono [44]. The method requires the PV array voltage and current 
to be measured, and from this power is calculated. The voltage and power measurements are 
then passed through a low pass filter to remove any high-frequency ripple; before computing 
dPpv/dVpv. The sign of the derivative is ascertained using a sine function and indicates the 
operating region of constant voltage or current. An integrator is then used to generate the 
24 
 
reference array voltage, which is compared with the real PV voltage to produce an error 
signal that is used to suitably adjust the modulation index of PWM [45]. 
As described in [17], the RCC scheme can be implemented with simple and inexpensive 
analogue circuits and does not require prior information about PV characteristics. However, 
it has a lower tracking capability at low insolation levels, and it uses large tracking steps 
near the MPP[17]. 
 
2.1.10. Fuzzy logic control 
Fuzzy logic control in MPP applications has become increasingly popular as microcontroller 
processing power has improved, and costs have reduced [46]. Fuzzy logic controllers have 
three stages, fuzzification, rule base table lookup, and defuzzification. During fuzzification, 
numerical input variables are converted into linguistic variables based on a number of 
defined membership functions (Fig. 2.13). Typically, the greater the number of membership 
functions used, the more accurately the controller will operate [47] [48]. The input to the 
fuzzy logic controller is an error signal, E, and the change in error; ∆E. The user has the 
flexibility of choosing how to compute E and ∆E. These signals are then converted to 
linguistic variables which define how the system is to be controlled by the user. The 
advantage of fuzzy logic control is that it does not need an accurate mathematical model of 
the system, and it is capable of handling system non-linearity.  
 
 
 
Fig. 2.13, Membership function for inputs and outputs of fuzzy logic controller  
 
The linguistic variables assigned to ∆D for the different combinations of E and ∆E are based 
on knowledge of the boost converter and the experience of the user. A simple example is 
shown in Table 2.1. If, for example, the operating point is far to the left of MPP, that is E is 
PB, and ∆E is ZE, then a large increase duty ratio (∆D) is required to reach the MPP. 
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Table 2.1: Example of fuzzy rule-based table 
∆E/E NB NS ZE PS PB 
NB ZE ZE NB NB NB 
NS ZE ZE NS NS NS 
ZE NS ZE ZE ZE PS 
PS PS PS PS ZE ZE 
PB PB PB PB ZE ZE 
 
The main disadvantage of fuzzy logic control is that the effectiveness depends on user 
knowledge and competency in choosing the correct error computation and developing a 
suitable rule base table based on the chosen membership functions [49]. Optimised variants 
of the fuzzy logic MPPT system have been proposed, including adaptive strategies that tune 
the membership functions and rule base table in real time [16]. 
 
2.1.11. Neural network 
A neural network approach is presented by T. Hiyama  [50] and L. Zhang [51], To guarantee 
accurate MPPT operation, the neural network has to be trained to operate with the PV array 
and adjust for time varying characteristics of the system. Once trained, the neural network 
does not require detail information about the PV system; it operates like a black box model. 
The neural network has three layers; input layer, hidden layer, and output layer as shown in 
Fig. 2.14. The number of nodes in each layer varies and is user dependent. The PV array Voc 
and Isc are used as the input variables. The output is usually represented by one of several 
reference signals, or the duty cycle signal used to drive the power converter. The hidden 
layers act to achieve the MPP; the performance of the system is heavily dependent on how 
well a neural network has been initially trained [16]. 
 
Fig. 2.14, Example of neural network 
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To guarantee accurate MPPT performance, the neural network has to be trained with the 
applied PV array characteristics - which change with time. After being trained, the neural 
network does not require detailed information about the PV system, it operates like a black 
box model. 
 
 
 Discussion 
The review of eleven methods of MPPT, with particular emphasis on variants of the P&O 
and IC techniques, has been presented to better understand the difference between MPPT 
algorithms and the impact on system efficiency. In general, during this review, these 
methods have highlighted positive and negative aspects, for example, the constant voltage 
(CV) algorithm is more effective than P&O and IC in low insolation conditions, but it 
provides lower efficiency at a high level of irradiation [52] [17] [29]. 
By comparing the main six MPPT techniques ( P&O, IC, CV, T, OV, SC), as shown  in Fig. 
2.15 [17], it is evident that despite much research the most widely used methods (P&O and 
IC) are generally still the preferred algorithms. They offer high efficiency and work at low 
isolation, and have a modest level of cost to implement. The constant voltage (CV) has a 
lower efficiency [6], but a lower implementation cost compared to others. The other 
methods (T, OV, SC) offer “mid-range” performances in contrast to the optimum algorithms 
and for the purpose of this work are not considered to be optimum MPPT techniques. 
 
Also, with reference to Table 2.2 [16] [52] [53], which shows other introduced MPPT 
techniques, the table illustrates the major characteristics of the techniques P&O, IC, Voc, 
Isc, RCC, fuzzy logic and neural network.  Among these techniques, it can be seen that 
P&O, IC and RCC are simple and less expensive to implement. Moreover, with rapidly 
changeable weather conditions RCC is fast in tracking because it uses large tracking steps 
near the MPP but during low insolation, RCC shows large power oscillations, while P&O, 
and IC use small step tracking. While fuzzy logical control and neural network are complex 
and costly techniques due to their requirements of a digital circuit and periodic tuning, they 
may work with others systems. In general, considering the review in Table 2.2, and if we 
look back on the presented knowledge of MPPT methods, most agree that the P&O and IC 
methods are the preferred option alongside their improvement and optimization techniques. 
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        Fig. 2.15, Result of efficiency and cost of some MPPT techniques [17] [52] 
 
Note, P&Oa is the classic perturb and observe method, ICa is the classic incremental 
conductance method, ICb is combined CV with ICa, SC is a short circuit current, and (TP, 
TG) are temperature method techniques. 
 
 Table 2.2: Major characteristics of some MPPT techniques [16] [53] 
MPPT 
technique 
PV 
array 
depen
-dent? 
Impleme
-ntation 
complexi
ty 
True 
MPPT
? 
Analogue 
 or digital? 
Periodic 
tuning? 
Converg 
-ence 
speed 
Sensed 
parame-
ters 
P&O 
method No low yes both no varies 
Voltage 
current 
IC method No medium yes digital no varies 
voltage 
current 
Fractional 
Voc Yes low no both yes medium Voltage 
Fractional  
Isc Yes medium no both yes medium Current 
RCC  
method No low yes analogue no fast 
Voltage 
current 
Fuzzy logic 
control Yes high yes digital yes fast Varies 
Neural 
network Yes high yes digital yes fast Varies 
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Summary 
Several MPPT techniques have been discussed in this chapter. From this, it is clear that it 
can be very difficult to choose the best; each MPPT method has its own advantages and 
disadvantages and the choice is highly application dependent. For example, solar vehicles 
require fast convergence to the MPP; in this case good options are Fuzzy logic control, and 
neural network. In orbital stations and space satellites, which involve large cost, the 
performance and reliability of the MPPT are most important. The tracker must be able to 
continuously track the true MPP in the minimum amount of time and should not require 
periodic tuning. In this case, the appropriate methods are O&P/ Hill-climbing and IC.  
When using solar panels in residential locations, the objective is to reduce the payback time. 
To do so, it is necessary to constantly and quickly track the maximum power point. 
Furthermore, the MPPT should be capable of minimising the ripple around the MPP. 
Therefore, the two stage IC and optimised P&O methods are suitable. Perturbation and 
Observation (P&O) and Incremental Conductance (IC) have been evaluated by simulating a 
standalone PV system, utilising a DC-DC boost converter to connect the PV panel to the 
load. In particular, the performance of each method has been considered over a wide range 
of different irradiation conditions.  Results show that the Perturb and Observe algorithm 
exhibits faster dynamic performance and achieves steady state level better than the 
Incremental Conductance method over a broad range of irradiation settings and load 
profiles. Therefore, in this work, the Perturb and Observe (P&O) algorithm is selected for 
use as the maximum power point tracking technique in the introduced standalone PV 
system. 
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2.2. A review of DC/DC boost converters 
A boost converter is sometimes called a step-up converter, it typically operates by switching 
one or more semiconductor switches ON or OFF to step up the source voltage up to a higher 
output voltage which can be used by the load. The objective of this review is to study the 
technical viability of several classes of DC-DC boost converters for the standalone PV 
system under consideration in this work. Each converter is evaluated according to economic 
aspects, efficiency, complexity, and power quality distortion over a wide range of operating 
conditions. 
2.2.1. Conventional boost converter  
In electrical power supplies, transforming DC voltages from one level to another is often 
achieved by using a conventional non-isolated DC-DC power converter. These converters 
work to transform input DC voltages to output DC voltages at a desired level, and have two 
modes of operation: continuous current mode operation and discontinuous current mode 
operation. In some applications, the converter can operate in both modes of operation with 
different characteristics associated with each.  
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Fig. 2.16, DC -DC conventional boost converter 
In brief, the operation of a non-isolated conventional boost converter, as shown in Fig. 2.16, 
can be described as follows. When the switch (S) is on, the diode (D) is reverse biased and 
isolates the output side of the converter, energy is then stored in the inductor (L). When the 
switch is turned off, the load on the output side receives energy from the inductor as well as 
from the input source. As a result, the output voltage is higher than the input voltage. In 
addition, the capacitor is assumed very large to keep output voltage constant [1]. The 
disadvantages of a conventional boost converter are high voltage stress for the switch and 
the large peak current for the power devices and passive components [54]. This problem can 
be overcome by using an alternative power converter topology, such as an interleaved 
converter [55].  
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2.2.2. Interleaved boost converter  
Parallel connection of two or more conventional boost converters is called an interleaved 
boost converter. With appropriate control, it may be used to improve power conversion 
efficiency and to better operate the solar cell array at maximum power [56]. Figure 2.17 
shows an example interleaved boost converter comprising of two boost converters (two 
limbs) in parallel. 
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                 Fig. 2.17, Equivalent circuit of interleaved boost converter 
The two limb interleaved boost converter works by operating the PWM of each limb at 180 
degrees out of phase to the other limb. Typically, each branch operates in the same fashion 
as the conventional boost converter previously described. When S2 turns on, the current 
ramps up in L2 with a slope depending on the input voltage storing energy in L2, D2 is off 
during this time since the output voltage is greater than the input voltage. When S2 turns off, 
D2 conducts delivering part of its stored energy to the output capacitor and the load. The 
current in L2 ramps down with a slope dependent on the difference between the input and 
output voltage. One half of a switching period later, S1 also turns on completing the same 
cycle of events.  
 The main reward of the interleaved boost converter is that it gives lower ripple power at the 
input and output stages due to an effective increase in switching frequency, therefore there is 
a chance to minimize the input and output capacitor filters that would be relatively large if a 
conventional boost were used [56]. Furthermore, higher efficiency may be realized by 
splitting the input current into two paths, substantially reducing i
2
R losses and inductor AC 
losses. Also it creates lower stresses on the components due to a current split [57] [58] [59] 
[60]. On the other hand, using an interleaved converter increases the number of system 
components which may lead to an increase in cost. However, the interleaved boost converter 
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can use lower rating components due to the shared current to its limbs and in renewable 
energy systems, long-term improved power generation can help to offset this disadvantage. 
 
2.2.3. New Interleaved isolated boost converter 
This converter was presented by Wen [61], it is based on the basic isolated boost converter 
and it is suitable when high voltage applications are required. It is modified by two cells 
helping each other in a primary side and secondary side, which is simpler than by paralleling 
the output side of two basic dual isolated boost converters. In fact to convert DC voltage 
from a low level to a high level requires the isolated boost converter to create a high current 
at the input and a high voltage at the output. If two cells connect for the isolated boost 
converter on a parallel at the input and in series at the output this connection reduces the 
voltage stress and current stress of switches and the transformer for the converter will reduce 
by half [61]. 
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                           Fig. 2.18, New interleaved isolated boost converter 
A new interleaved isolated boost converter, as shown in Fig. 2.18, has two inductors in 
parallel at the input to share the input current equally, and at the output two capacitors in 
series sharing the voltage equally. In this way, the new interleaved isolated boost converter 
has less stress voltage and less stress current on the transformer and switches [62]. All these 
advantages make the new interleaved isolated boost converter suitable for low to high DC-
DC applications [61]. 
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2.2.4. Interleaved boost converter based on the L-type half bridge 
The boost converter which is shown in Fig. 2.19 is discussed by Wen, Jin and Smedley [61]. 
The converter is one of the preferred isolated boost converters for high power applications 
because of its several advantages such as low current stress on the transformer and 
inductors, so a small size can be designed, the switches are easy to operate because they are 
grounded and the circuit is easy to start soft switching. Moreover, circuit configuration is 
symmetrical so soft switching is easy to implement [61] [62]. On the other hand, this 
converter has more inductors than other boost converters.      
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          Fig. 2.19, Interleaved isolated boost converter based on the L-type half bridge converter 
2.2.5. Push-pull converter  
The topology of a push-pull converter was introduced by Wang[63] to meet the 
requirements of PV systems. As shown in Fig. 2.20 and Fig. 2.21, the first circuit is fed by a 
voltage mode and the second by a current mode. The advantages and disadvantages of both 
circuits are summarised below, the advantage in both modes of the push-pull converter is 
that it has fewer devices in the current path which reduce conduction losses [64].  In the 
input inductor in current mode operation the switches in the duty cycle are higher than 0.5 
[D>0.5], this will reduce the frequency current ripple drawn from solar cells. It safely 
removes the energy stored in the leakage inductance of the transformer so the auxiliary 
circuit is desired for the push-pull converter to reduce the voltage stress on the devices [65]. 
The disadvantage of the push-pull converter is that the switches have to withstand double the 
input voltage peak, this causes an increase in conduction losses [63].  
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                                 Fig. 2.20, Voltage-fed push-pull converter 
 
                     
Vpv
S
1
S
2
D1
C  Vout
D2
Lin
 
                                     Fig. 2.21, Current-fed push-pull converter 
 
2.2.6. Full and half bridge converter  
The half-bridge and full-bridge topologies shown in Fig. 2.22 and Fig. 2.23, which are 
presented by Wang and Klumpner [63], use untapped primary transformer windings. It is 
known that such transformers feature better utilization of the copper, also these topologies 
feature reduced device voltage stress that is equal to the input voltage. The half bridge 
topology has a split capacitor bus, twice transformer turn ratio and two device current in 
contrast with the full-bridge leading to increased transformer loss and size. A full bridge is 
34 
 
well suited for applications which require a wide input voltage range [66], and for high 
power applications [66], also it can be operated in zero voltage switching modes (ZVS) that 
leads to decreased switching loss at higher frequencies. Furthermore, zero voltage switching 
can lead to size and cost reduction. In addition, the operation of high frequency gives small 
size and cost for magnetic components [63]. Although the full-bridge topology requires 
more switches, it reduces voltage and current stress [63]. Full wave rectifier topology with a 
centred tapped secondary winding and two diodes are used to maximize the efficiency [67], 
provide smaller size and lower cost devices, and to make sure lowest voltage drop across the 
diodes. Nevertheless, the voltage blocking ability of the diodes is twice as high than for a 
diode bridge rectifier. 
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                                  Fig. 2.22, Half-bridge DC/DC converter  
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                                        Fig. 2.23, Full-bridge DC/DC converter 
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2.2.7. Novel high efficiency step-up converter 
The novel high step-up converter was proposed by Tseng and Liang [68] [69] to give high 
efficiency with less voltage stress on diodes, switches, and capacitors. The design of the 
converter consists of a voltage boost cell and an energy clamp circuit. The function for the 
proposed converter is as an active clamp circuit to suppress the voltage spike on the power 
switch during the turn off transient period [68] [69]. In order to increase the output voltage, 
the fly back converter output terminal and boost converter output terminal are serially 
connected with a coupled inductor as shown in Fig. 2.24. 
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                                    Fig. 2.24, Novel high efficiency step-up converter 
 
The advantages for the proposed converter are that it has a simple control technique of 
current mode PWM for a duty cycle below 50 % and the leakage energy is recycled to the 
output. Moreover, voltage stress is reduced on the switching element and high efficiency are 
achieved by the low Rds(on) voltage. In addition, a lower rating of the power switching 
device is achieved, also this converter is able to achieve a high step-up ratio[68]. However,, 
the ripple of the current is still high compared to a conventional interleaved boost converter. 
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 Summary  
After reviewing several types of boost converter, it is obvious that most of the step-up DC-
DC converters have a weakness negative side such as some converters’ design requires an 
increase in the components which leads to an increase in cost. On the other hand, the step-up 
DC-DC converters have strong points, for example, approximately all converters have a low 
stress voltage and a low stress current on the components for each converter’s circuit. In 
discussing several types of step-up DC/DC converters which have a chance to convert 
energy from a low level voltage to a high level voltage for a solar power standalone system, 
it becomes clear that the best suitable converter for the standalone PV System cannot be 
ascertained. The difference in requirements of the standalone photovoltaic system (voltage-
location- standalone type), and to choose a converter, it is important to consider both the 
producer and the consumer requirements. However, in general after comparison of various 
boost converters, the interleaved boost converter and full bridge converter are preferred for 
the PV energy conversion because they are relatively easy to implement and control 
compared to other topologies reviewed, yet still deliver good performance. 
Interleaved boost converter technology has been chosen for use in this research due to its 
benefits in technique such as low ripple amplitude and a high frequency ripple power at the 
input and output waveforms, therefore there is a chance to minimize the size of inductors 
and capacitors that would be relatively large if a conventional boost were used. It also 
creates low stresses on components due to the current split which increases power 
processing capability. Furthermore, for a similar power rating, the current flowing in each 
limb of the interleaved converter is lower than a conventional DC-DC converter, hence 
reducing overall      losses.                        
 The research aims to investigate the interleaved boost converter in comparison with a 
conventional boost converter to assess the converter’s efficiency with a PV system and 
present a novel control strategy for the interleaved boost converter to improve system 
efficiency. The requirement of the control is to isolate one limb of the interleaved boost 
converter as this is necessary to operate the interleaved boost converter at low PV power as a 
conventional boost converter and at high PV power as an interleaved boost converter. This 
control will be shown and discussed in Chapter six. 
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3. System Description and  
Modelling 
 
3.1. Introduction 
This chapter describes the prototype PV standalone system used for all experimental 
investigations in this project. The setup comprises of a solar power emulator, a DC-DC 
boost converter, a maximum power point tracking control and resistive load. In order to 
maximise efficiency, the conclusions from the literature review on maximum power point 
tracking algorithms and different DC-DC boost converters are taken into account.  
 
3.2. Description of the experimental setup 
The experimental setup involves a 250 Watt system with resistive load, in this project a 
standalone type without backup batteries is introduced, as shown in Fig. 3.1. In general, the 
system consists of a single PV generator, DC/DC boost converter, a maximum power point 
tracker (MPPT) algorithm and a DC resistive load.  
A TopCon® DC-DC power supply unit, based on an intelligent power module, was used as 
a PV emulator Data from a 50 Watt photovoltaic array (KD50SE-1P) was then used to 
generate the current and voltage profiles of the PV array in simulation (MATLAB) and then 
programmed into the DC power supply using TopCon® software. This process will be 
explained in detail in the following discussion. The outputs of the TopCon® DC power 
supply are measured with Hall Effect Current/Voltage Sensors; LV25-P and LTS15-NP, 
respectively. The outputs of these sensors were connected to the 12-bit resolution analogue 
to digital converter (ADC) inputs of a TI TMS320F28335 eZdsp kit used for control and 
data acquisition. The ADC readings and the sensors outputs were calibrated using a DC 
power supply and high-resolution digital multimeter prior to testing. A power meter was 
used to measure the emulated PV power, the load power and the efficiency of the system 
Furthermore, an A622 current probe and a P5200 high voltage differential probe with a 
digital oscilloscope Tektronix TDS3014B were used to measure the data of the PV current, 
PV voltage, inductor current, voltage and current of load. The load was varied manually 
from zero to its maximum value (200 ohm) via a sliding variable resistor. 
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Fig. 3.1, Experiment Standalone PV system setup 
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3.3. Photovoltaic (PV) modelling and data generation 
Photovoltaic panels consist of several PV cells in parallel and series connection. Parallel 
connection is accountable for increasing the current of the PV panel whereas the series 
connection is responsible for increasing the voltage of the PV panel. The photovoltaic cell 
can be presented by the circuit shown below in Fig. 3.2 which is a simple equivalent circuit 
which consists of series resistance, parallel resistance (usually neglected because its effect is 
less noticeable compared to series resistance) and diode in parallel with a current source. 
The output of the current source is directly proportional to the light falling on the cell 
(photocurrent Iph). When light hits the solar cell, the energy of the photons generates free 
charge carriers. The current source produces the photoelectric current Iph. Since the current 
is dependent upon the radiance while the voltage of the cell depends approximately on the 
temperature.  
 
Rs
DIph
G,Tem
Ipv
Vpv
Io
Rp
IL
Ish
 
                                            Fig. 3.2, Equivalent circuit of PV solar cell 
 
The series resistance Rs, which is in a range of a few milliohms, describes the voltage drop 
that occurs as the charge carriers migrate from the semiconductor to the electrical contacts. 
The parallel resistance Rp describes the leakage current (neglected). With series resistance, 
it is possible to calculate characteristic curves for current or voltage of solar cells at different 
temperatures and irradiance. The characteristics of the PV cell are described in the equations 
(3.1-3.8) given below [70] [71] [72] [12]. In the analysis;    is photo current,    is cell 
series resistance,    is cell reverse saturation current,   is temperature,      is open circuit 
voltage ,     is short circuit current. Q is electronic charge (q = 1.602e-19), K  is 
Boltzmann’s constant (K = 1.381e-23), N is the diode ideality factor (1 < n< 2). 
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All constants in the equations are determined by examining the manufacturer’s ratings of the 
PV array. The industry has made commercial PV modules of different sizes from about 50W 
to 200W; they consist of a number of photovoltaic cells that are usually arranged in parallel 
and in series to meet energy requirements. Typical module data, a HIT photovoltaic module 
HIP-210NH1-BO-1 [73] [72 cells, maximum 210 Watts] and a KD50SE-1P module [74] [36 
cells, maximum 50 Watts] are tested in simulation and emulated,  as shown in Table 3.1. 
 
 
Table 3.1: Key data of the KD50SE-1P PV model and of the HIP-210NH1-BO-1, PV model 
 
HIP-210NH1-BO-1 KD50SE-1P 
  G=1000w/m², T=25C˚ G=1000w/m², T=25C˚ 
 Maximum power 210 (W) 50 (W) 
 Short circuit current 5.57 (A) 3.07 (A) 
 Open circuit voltage 50.9 (V) 22.1 (V) 
 Max. power current 5.09 (A) 2.8 (A) 
 Max. power voltage 41.3 (V) 17.9 (V) 
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3.3.1. PV generation in Matlab software  
For the purposes of the simulation study, data is taken directly from the manufacturers’ 
published data sheets and applied in Matlab. Details of the data used are shown in Table 3.1. 
The results of Matlab software generation to PV module models are shown in Figs. 3.3, 3.4, 
3.5 and 3.6, these outputs of Matlab function are revealed for various irradiations levels and 
disclose excellent correspondence with the chosen model data. 
The current and voltage (I-V) curves of the Sanyo HIP-210NH1-BO-1 solar module and the 
KD50SE-1P solar module which are used in this research at different solar irradiance levels 
as provided in the module datasheet are shown in Fig.3.3 and Fig. 3.4, the short circuit 
current of the module is proportional to the solar irradiance while its open circuit voltage 
increases slightly with the irradiance level at constant array temperature. The photovoltaic 
(PV) generator can be approximated to a current source if it is operated near its short circuit 
condition and can be approximated to a voltage source if it is operated near its open circuit 
condition. At the knee area of the curve where the maximum power point lies, the PV 
generator cannot be accurately approximated to either type of source. The PV generator 
must be operated in this area to make use of the maximum possible generated power. 
 
 
 
Fig. 3.3, Influence of solar irradiance on the I-V characteristics of the KD50SE-1P solar  
module 
0 5 10 15 20 25
0
0.5
1
1.5
2
2.5
3
3.5
Voltage (v)
C
u
rr
e
n
t 
(A
)
200 w/m2
600 w/m2
800 w/m2
1000 w/m2
400 w/m2
T = 25 Co
43 
 
 
Fig. 3.4, Influence of solar irradiance on the I-V characteristics of HIP-210NH1-BO-1solar 
module 
 
 
The power and voltage (P-V) curves of the Sanyo HIP-210NH1-BO-1 solar module and the 
KD50SE-1P solar module which are used in this research are shown in Fig.3.5 and Fig. 3.6. 
The results are in good agreement with the graphs presented in the manufacturers’ 
datasheets. Clearly, for maximum utilization efficiency, it is necessary to use a maximum 
power point tracking algorithm to operate the system at the optimum point 
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Fig. 3.5, Influence of solar irradiance on the P-V characteristics of the KD50SE-1P solar 
module with MPP 
 
 
Fig. 3.6, Influence of solar irradiance on the P-V characteristics of HIP-210NH1-BO-1solar 
module with MPP 
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3.3.2. PV generation in experiment  
The characteristics generated by the Matlab simulation model are then used to program the 
TopCon Solar Array Simulation (SAS) software, providing the foundation for the 
experimental work. The DC power supply, shown in Fig. 3.7, is able to emulate solar arrays 
with its Application Area Programming (AAP) feature which permits the loading, editing 
and storing of hundreds of current - voltage curves. 
 
 
Fig. 3.7, TopCon DC power supply 
 
3.4. Controller of the standalone system 
The MPPT microprocessor control strategy for the standalone PV system is shown in Fig. 
3.8. It is used to improve efficiency by ensuring high throughput of power at low and high 
insolation. The PI controller is used to adjust the duty ratio and to improve the converter 
transient response. The ratio of output voltage and input voltage is controlled by varying the 
on-off duty cycle of the converter switch. Moreover, since the output voltage of the 
converter in PV applications is fixed by the battery that is usually connected in parallel with 
the load,  output voltage control is not required. 
PV
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PI 
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Ipv
VpvVpv
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  Fig. 3.8, Block diagram of standalone PV system microprocessor control 
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3.4.1. Maximum power point tracking (MPPT) controller 
Since the PV generator exhibits nonlinear characteristics as shown in Fig. 3.9, its maximum 
power point varies with the solar insolation, and there is a unique operating point of the PV 
generator at which its power output is at a maximum. Therefore, for maximum utilization 
efficiency, it is necessary to use a maximum power point tracking algorithm to generate all 
available PV panel maximum power under different insolation to the load. The literature 
review in Chapter two makes reference to maximum power point tracking methods, it 
concludes by recommending the use of the well-known perturbation and observation (P&O) 
algorithm for tracking the maximum power point in this project. 
 
 
 
Fig. 3.9, I-V Characteristics of a typical PV panel with MPPT control 
 
The P&O algorithm is chosen due to its ease of implementation in its basic form and its 
advantages compared to other methods. It operates by periodically perturbing (incrementing 
or decrementing) the array terminal voltage, as shown in Fig. 3.9, and comparing the PV 
output power with that of the previous perturbation cycle. If the PV array operating voltage 
changes and power increases, the control system moves the PV array operating point in that 
direction, otherwise the operating point is moved in the opposite direction. In the next 
perturbation cycle the algorithm continues in the same way [75] [26]. The main advantage of 
this method is the relative simplicity of the algorithm. Furthermore, previous knowledge of 
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the PV system characteristics is not required if the irradiation does not vary too quickly, this 
method generally works well alongside its optimization techniques, it is one of the most 
efficient [17] and continuously tracks the true MPP in a minimum amount of time [16]. 
 
3.4.2. Proportional and integral (PI) controller 
The maximum power point tracker MPPT takes measurement of the PV module current and 
voltage and calculates the reference voltage (Vref) where the PV operating voltage should 
move to. The task of the MPPT control is to set reference voltage only and it is repeated 
periodically with a slow rate 1-15 samples per second. Then there is another control loop 
that is the proportional-integral (PI) control that regulates the input voltage of the DC-DC 
converter. The PI control job is to minimize the error between the measured voltage of PV 
and reference voltage that is calculated by the MPPT algorithm by adjusting the duty cycle. 
The digital PI control operates rapidly and provides a good dynamic system response. 
Digital PI controller use sample and hold circuitry to convert analogue signal to digital 
signal and vice versa. To tune the discrete PI controller, there are many stability-analysis 
tuning techniques available; such trial and error tuning, Ziegler Nichols, pole placement, and 
so on. This research had used the trail-and-error tuning method to tune the discrete PI 
control in the system, due to its simple yet effective approach. Using the trial-and-error 
tuning method, the proportional gain  (     is set at 1 and the integral gain (     is set at 800. 
The controller’s block diagram is shown in Fig. 3.10. In considering Fig 3.10, the equations 
defining the digital controller are as follows (3.9-3.11): 
 
PIzC )(                                                                                                                       (3.9) 
  is the controller output 
e      is the error input to the controller 
k p   is the proportional gain 
k i     is the integral gain 
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Fig. 3.10, Block diagram of digital PI controller 
 
3.4.3. Matlab software control 
Matlab software is used for testing the selected photovoltaic arrays KD50SE-1P module and 
the HIP-210NH1-BO-1 module with manufactured data under different irradiations of 
atmosphere condition with and without maximum power point tracking control (Perturb & 
Observe algorithm). In Fig. 3.11, as can be seen on the PV power chart of the HIP-210NH1-
BO-1 module, the shown PV power without the MPPT (Perturbs & Observe algorithm) the 
curve is far from the maximum power points under a changeable irradiation condition. 
However, when the MPPT control (Perturb and Observe algorithm) is connected in the 
system, the power of the PV array with MPPT is on the maximum power point even with 
changeable atmospheric conditions. For example, at 1000w/  , the shown PV power curve 
with MPPT control is 210 Watts but the PV power array without the MPPT control is about 
170 Watts, also under a different level of irradiation of 200w/   the maximum PV power 
array with MPPT control is 40 Watts,  however the PV power array without MPPT control is 
about 20 Watts.  
 
Fig. 3.11, PV power of HIP-210NH1-BO-1solar array without and with MPPT (Perturb & 
Observe) control under changeable irradiation levels of weather conditions 
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3.5. DC-DC Boost Converter  
To complete control of the power flow using a boost converter, the input voltage must lie 
between zero and output voltage, that allows the boost converter to always operate at the 
MPP in all load conditions. In addition, compared with a buck converter which needs 
another element of diode to block the reverse current flow when the panel voltage is less 
than the battery voltage, the boost converter naturally has this diode as part of its structure, 
which eradicates an additional source of power loss and voltage drop. In the review, Chapter 
two addressed different types of boost converter and advocates the use of the conventional 
and interleaved boost converters in this project. To combine the advantages of both 
converters, an interleaved boost converter with novel switch adaptive control is proposed. 
The hardware developed for this project is shown in Fig. 3.12. The proposed topology is 
required to isolate one limb of the interleaved boost converter and force it to operate as a 
conventional boost converter at low PV power levels.. This topology will be shown and 
discussed in Chapter six. 
 
 
 
Fig. 3.12, DC-DC boost converter unit of instructed stand-alone PV system 
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3.5.1. Efficiency issue                     
 After research into boost converters, it is evident that to assess the conventional boost 
converter and conventional interleaved boost converter fully, it is important to consider the 
design of both converter topologies. It is essential to consider losses, cost and size within the 
introduced system. 
3.5.1.1. Power losses 
Inductor losses consist of copper loss and core loss, the current exchange affects only the 
copper loss which is expressed in equation (3.12) [57]:  
                       (
   
 
)
 
                                                                       (3.12) 
Where,     is the input current,    is the inductor resistor and N number of phases. From 
formula (3.12) inductor loss can be calculated in the conventional boost converter as below: 
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                                                      (3.13) 
Also from equation (3.1) inductor loss in the interleaved boost converter can be calculated as below [7]: 
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 (                                                                (3.14) 
As can be seen from equation (3.14) the interleaved halves the inductor losses compared to 
the conventional boost converter. Furthermore, there is more opportunity to reduce inductor 
loss in the interleaved converter by effectively splitting the inductor value of the 
conventional boost converter across each phase of the interleaved boost converter, switching 
loss also has a large impact on system efficiency. In semiconductor devices, power loss 
appears in the form of switching loss (equation (3.15)) and conduction loss (equation 
(3.16)).  
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Where,     is the turn-on time,      the turn-off time,    current rise time,    voltage fall 
time,   the voltage,    switching frequency,    (    turn-on resistor and D duty ratio. 
From equation (3.15) and (3.16) the switching loss in a conventional boost is: 
                       
         
 
 
      (              )                                                        (3.17) 
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Also using equations (3.6) and (3.7), the switching loss in the interleaved boost converter is: 
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From equations (3.17), (3.18), (3.19) and (3.20), it is clear that switching losses are identical 
in both converter topologies. However, with the interleaved converter it is possible to use 
clever switching strategies to effectively divide the switching across limbs and reduce the 
switching loss further. Diode losses can be evaluated in formulas (3.21) and (3.22), where 
     is the output voltage,     is reverse recovery time and    is forward voltage drop. 
 
                             
 
 
                                                                  (3.21) 
                         
  
 
(                                                             (3.22) 
From equation (3.21) and (3.22) the diode loss in the conventional boost converter can be 
evaluated as below: 
                              
 
 
                                                               (3.23) 
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                              (                                                          (3.24) 
 
 
In the interleaved boost converter diode loss is: 
                                
 
 
             
                                                                                                         (3.25) 
For diode conduction losses, the forward current is equal to the inductor current (     ), so 
the diodes losses in the interleaved boost converter are: 
                            
  
 
   
                                 (                                                  (3.26) 
 
Comparing the two power converter topologies, the diode losses in both converters show 
identical conduction loss as given in equations (3.24, 3.26), whilst the diode switching losses 
(reverse recovery losses) are different in both converters. In summary, this simplified power 
loss analysis shows that the interleaved boost converter has lower inductor losses, but there 
is little difference in switching and diode losses compared to the conventional boost 
converter, assuming the same switching frequency is applied in each case (It is accepted that 
this may not always be the case). 
3.5.1.2. Switching Frequency 
The choice of switching frequency is generally more subjective. If the requirement of the 
system is a small power circuit and there is less distortion, then high switching frequency is 
required while, at the same time, the switching frequency must be low enough to keep the 
efficiency high. 
3.5.1.3. Selection Switching Device  
Selecting the switches is based on current and voltage ratings, and should take into 
consideration any potential losses. For this,    (    must be low enough to minimize 
conduction loss and     should be as low as possible at the maximum output current 
specification to minimize conduction losses. Moreover,     reverse recovery time should be 
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as low as possible to minimize switching loss.  Note that the interleaved boost converter has 
the choice of using a low rating current component due to the current split in its branches. 
 3.5.1.4. Selection of Inductance and Capacitance 
The appropriate choice of inductor value can be determined using equation (3.27) [76] [77]: 
 
  
    
     
                                                                                                            (3.27) 
 
As this shows, a smaller output current ripple requires larger inductor values leading to 
increased cost. From equation (3.27), the conventional boost converter inductor value can be 
determined as: 
 
                        
          
       
     
     
   
For the interleaved boost converter, inductor values    ,    can be calculated as: 
            
   
 
 
   
 
 
 
      
     
      
   
 
With respect to the output capacitor, this is determined by equation (3.28) as follows: 
 
    
       
      
                                                                                                   
(3.28) 
 
As shown, larger capacitor values lead to smaller output voltage ripple and taking into 
consideration the equivalent series resistance (ESR), a smaller ESR value results in less loss 
in the capacitor.  
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3.5.1.5. Continuous and Discontinuous Current Mode 
Based on the amount of energy that is delivered to the load during each switching period, the 
boost converter can be classified into continuous (CCM) or discontinuous current mode 
(DCM). In the discontinuous current mode, the inductor current mode ramps down to zero 
during the switching off time, if not the converter operates in a continuous current mode. 
The disadvantages of DCM switch and output diode peak currents are larger when the 
converters operate in DCM. Furthermore, the larger peak currents cause greater EMI/RFI 
problems. Also, larger peak currents necessitate using larger current and power dissipation 
rated diodes and switches [76]. In DCM the switching losses dominate, whilst in CCM the 
induction losses dominate [19]. Therefore, the efficiency of a DC-DC boost converter that 
operates in continuous current mode is likely to remain very high [78].The problem facing 
the interleaved boost converter is that when the amount of energy delivered to the load is 
small, the interleaved boost converter operates in DCM due to a split of the small amount of 
input current between its branches. For that reason, when there is small input current, the 
novel control operates the interleaved boost converter as a conventional boost converter to 
avoid DCM, by pushing the total amount of current into one branch and isolating the other 
one. When there is a high amount of energy, the interleaved boost converter with a switch 
adaptive control is ordered to operate as the interleaved boost converter.  
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3.6. Summary 
In this chapter, the prototype PV standalone system used for all experimental investigations 
in this project has been introduced. The setup comprise of a 50 Watt PV array emulator 
connected to 200 ohm resistive load via a power DC-DC converter. Real-time control and 
data acquisition are performed utilizing a TI TMS320F28335 eZdsp Kit. 
 
The characteristics of the individual components comprising this prototype PV standalone 
system were measured and compared to those given in the manufacturer’s datasheets. Based 
on these measured characteristics, accurate models have been developed for the PV 
emulator. The component models were combined to simulate the overall system on the 
Simulink/Matlab environment. The requirement for accurate MPPT algorithms has been 
validated in this Chapter. From this, a Perturb and Observe algorithm has been developed 
and verified experimentally providing a foundation for the research work.  
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4. Conventional Boost Converter 
Typically, in electrical power supplies, transforming the DC voltage from one level to 
another is achieved through the use of a controlled DC to DC switch mode power converter 
[1]. These converters, which work to transform input DC voltages to controllable output DC 
voltages, are often used to regulate the output of DC power supplies and drive DC motor 
applications. The boost converter transforms a low input voltage to a higher magnitude 
output voltage, usually with the same polarity as the input [79] [80].  
RLCout
PV
L
S
ipv iout
Vin Vout
Cin
D
iL
 
Fig. 4.1, Non-isolated conventional boost converter 
The operation of a non-isolated conventional boost converter is shown in Fig. 4.1: when the 
switch is turned on, the supply voltage is applied across the inductor (L) and the diode (D) is 
reversed which isolates the output side, and the energy source is stored in the inductor. After 
the switch is turned off, the load or the output side receives energy from the inductor in 
addition to the input source. Due to this, the output voltage becomes greater than the input 
voltage [79]. Moreover, this converter has two modes of operation: continuous current 
condition and discontinuous current condition, in practice the converter could operate in 
both modes of operation with different characteristics. For analysis, the capacitor is assumed 
to be very large to keep the output voltage constant [1], also the input voltage is assumed to 
be constant and the inductor current is then linear [79].   
Continuous-conduction mode  
In continuous current mode (CCM) the inductor current [iL (t) > 0] never falls to zero within 
a switching cycle but there is oscillation in the DC value due to the switching state being on 
(ton ) and off (toff ) as the waveforms as shown in Fig. 4.2. In this case the inductor has to be 
large to give a lower peak current and this results in a small ripple on the output which leads 
to the advantage of reducing device stresses [81] [80]. 
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Fig. 4.2, Conventional boost converter waveforms at continuous conduction mode: (A) 
switch on, (B) switch off 
 
Fig. 4.2, depicts the equations analysis which is the official expression of the operation of 
the boost converter in continuous conduction mode: 
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Area A = area B and 
  
 
 
 
           
            
       
           (      
  
   
 
 
Where D is the duty ratio, T is the time period through the switching cycle,     is the 
switching on time,      is the switching off time,   is the frequency, and      is the output 
voltage and     is the input voltage. If Area A is equal to area B, then the output voltage 
expression is as follows: 
      (          (      
                         
                         
    (         
Then  
    
   
 
 
(    
                                                                                                                     (1.4) 
            
Discontinuous conduction mode 
As shown in Fig. 4.3, discontinuous conduction mode occurs when the inductor current falls 
to zero in the off state (toff ) before the end of the switching cycle. This may be due to 
minimized inductor size or small input current [79, 80]. Discontinuous conduction mode in a 
boost converter has the advantage of a lower transistor switching-on loss and a lower boost-
rectifier reverse-recovery loss [54]. 
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Fig. 4.3, Conventional boost converter waveforms at discontinuous conduction mode 
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From Fig.4.3 in discontinuous conduction mode 
        and                  
 When the switch is turned on  
    
  
  
 
     
     
  
                                                                                                                  (4.2) 
When the switch is turned off     falls to zero 
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From equation 4.2 
       
     
 
 
From equation 4.3 
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The load current (    ) is the average value of the diode current 
        
 
 
   
     
 
 
From equation 4.4 
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From equation 4.4 
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Where      is the output voltage, D is the duty ratio,     is the input voltage, L is the 
inductor and      is the load current. In discontinuous conduction mode the voltage transfer 
function is not a simple function of duty ratio (D), it depends upon the size of the inductor, 
the output current and the switching frequency as expressed in the equation above.   
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Output voltage ripple:  
The peak-to-peak output voltage ripple can be calculated from the waveforms shown in Fig. 
4.4. In continuous mode operation it is assumed that all the components of the ripple current 
for the diode current go through the capacitor C, and its average value through the load 
resister is shown in the shaded area (    of the waveforms  [80]. 
By assuming a constant load current, the peak-peak output voltage ripple is given as follows: 
      
  
 
  
      
       
 
  = 
       
  
                                                                             (4.6) 
 
 
Fig. 4.4, Conventional boost converter output voltage ripples [1] 
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4. 1. Design of conventional boost converter 
In this section, the thesis determines the elements of the conventional boost converter shown 
in Fig. 4.5, with rated power 210 Watts to be structured as follows and used with an 
introduced Stand-alone PV system. 
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Fig. 4.5, Structure of conventional boost converter 
 
Assuming the 210 Watt panel is used in temperature (T =    ), irradiance (G = 1000w/  ) 
and it is working at its maximum power using an MPPT controller from the enclosed 
reference data sheet: The output power of the PV panel with G=1000 w/m² and T= 25 C˚ 
gives a maximum power (       ) = 210 W, a maximum power voltage (        ) = 41.3V 
and a maximum power current (        ) = 5.09 A. In a standalone PV system with a 
maximum power point tracking control using a conventional boost converter: 
 
             5.09A 
   is the inductor current,     is the input current 
            = 41.3V 
           = 210W 
        
       
       
                                                                                                       (4.7)    
      
    
     
                                                                                                   (4.8)         
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The following parameters are needed to calculate the power stage conventional boost 
converter: 
The input voltage range:    (     = 0V, and    (    = 41.3V 
Maximum resistive load:       = 195 ohm 
Switch frequency of the converter: ƒ = 20 kHz 
Estimated input current ripple:      = 9% 
Estimated output voltage ripple:      = 0.24% 
The frequency ( f ) is chosen to be 20 kHz 
Assuming efficiency (η) of the converter is 100% 
  
 
 
, thus the time period of one cycle switching is (T) = 50 µsec     
ton   is the time when the switch is on, f is the frequency, D is the duty cycle, toff  is the time 
when the switch is off, T is the total time period of one cycle of witching.
 
           
       
     
       
   
                                                                                                 (4.9)   
Due to the assumption that the efficiency is 100%, the output power is equal to the input 
power and the output voltage of the converter under PV panel with G=1000 w/m² is:   
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 8.0
203
3.41
1       
This tells us, that that in this system with a full resistive load 195 ohm, the duty cycle will be 
from zero to approximately 0.8. 
 
Diode selection 
The diode is a semiconductor device that is controlled by its own voltage and current. When 
a diode is forward biased, it starts to conduct with a small forward voltage (    across it. It 
turns off when the current flow into the device becomes zero. When the diode is reverse 
biased it stays in the off state. The diode is simulated by a resistor, an inductor and a DC 
66 
 
voltage source connected in series with a switch. The switch operation is controlled by the 
voltage and the current. The diode can also contain a series Resistance-Capacitor snubber 
circuit that can be connected in parallel with the diode device, however in this system the 
snubber circuit of the diode is neglected to avoid losses. The diode selection is based on the 
current and voltage rating, and to minimize losses the reverse recovery time and voltage 
forward should be as low as possible [82], adding the 30% of safety factor to the output 
voltage rating [83]. The chosen diode is (IRFB4321PBF) which was selected to be used in 
the simulation software and in the hardware experiment, it has a low forward voltage (    = 
0.895 V and very good reverse recovery time (     = 25 ns. 
 
Inductor selection 
The inductor will be selected based on the requirement of the current ripple system and 
power losses. When the switch is on, the voltage across the inductor is given by: 
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The inductor current increases with a constant slope   
   
 
 
When the switch is off, the voltage across the inductor is given by 
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   is the voltage dropped on the diode  
The change in the inductor current during one cycle is: 
 
     
   
 
     
           
 
     
The inductor current ripple 
     = 9%   A4581.0
100
9
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The peak-to-peak current  
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            = 0.9162 A 
The following equation 4.10 is good for estimating the right inductor: 
  
   
      
                                                                                                  (4. 10)
 
L = mH8.18.0
200009162.0
3.41


 mH2  
However, if the system ordered    = 4%    
     = 4%    A2036.0
100
4
09.5   
L =  mH48.0
200002036.02
3.41


 
Therefore, looking at both values of the inductors it will be seen that with less value of 
inductance there is more current ripple. A large value of inductance will reduce the current 
ripple and discontinuous current mode will be surely avoided. However,, using a high value 
of inductor will be associated with high inductor resistance, large size and high cost. To 
improve the efficiency of the converter the resistance of the inductor should be sufficiently 
small. The inductor selected (B82615B2502M001) was used in the simulation to validate the 
results of the experimental work; it has a low resistance inductor ( Lr ) = 0.15 ohm, and 
inductance value is (      .  Due to component availability, two B82615B2502M001 
inductors were connected in series to give a total inquired inductor value ((      , ( Lr ) 
= 0.3Ω). 
Determine Output capacitor value 
The output filter capacitor is mainly used to meet the output voltage ripple and converter 
stability requirement. The ripple voltage is related to the capacitance and equivalent series 
resistance of capacitor. The output capacitor supplies the entire load current during the time 
when the switch is on. Assuming the equivalent series resistance with capacitor is zero: 
  (    
   
  
 
When the switch is on, the capacitor supplies the load current 
  (    
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  When the switch is off  
  (      
    (  
 
  
   (  
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From equation (4.6) the change in capacitor voltage during one cycle can be determined by 
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If       = 1%     
    = 1%      V5.2%1203   
 C F108.0
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
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Therefore, it can be seen that with less value of capacitance there is more voltage ripple, a 
large capacitor will reduce the voltage ripple and help the output stability, however the 
output voltage will be slow to reach a steady state level. The chosen output capacitor to be 
used is (EEUED2C220) which has the value 22µF, two of these are connected in parallel to 
give a total 44µF. 
 
Input capacitor selection 
The benefit of inserting this capacitance is to eliminate the undesirable effect of the current 
harmonics and make the current extracted from the PV module practically constant with a 
small amount of ripple. The minimum value for the input capacitor is usually given in the 
data sheet, this minimum value is necessary to stabilize the input voltage due to the peak 
current requirement of switching power supply. To reduce the capacitor losses, the best 
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method is to use low equivalent series resistance (ESR) ceramic capacitors. The chosen 
input capacitor to be used is a (TR3D475M063C0700) ceramic capacitor which has a value 
of 4.7µF and (ESR = 0.7Ω), two of these are connected in parallel to give a total 9.4µF. 
 
Switching device selection 
Choosing the right switch is an important part in power electronic devices, here in the design 
for the converter the efficiency is important so less power losses is required. IGBT and 
MOSFET can both be applied as the main switch in the boost converter, but if consideration 
is given to the main characteristics of the switch, max-current, max-voltage and max-
frequency, Mosfet is selected to be used as the main switch in the power conventional boost 
converter stage because the Mosfet switch has a moderately cost, low switching losses and 
does not need complex operation requirements. While IGBT switches can be used in a high 
voltage application because its maximum voltage is 6 kV, there is a wide variety of power 
Mosfet switches available from various vendors. One can choose the most suitable for the 
system’s needs by looking at the rate of the current and voltage pulse and the safety factor is 
30%, also by looking at low losses of Mosfet then     (    must be low enough to minimize 
conduction loss. The chosen diode is (BYW29EX-200) which was selected to be used for 
the diode. Also, the power Mosfet switch that is selected to be used is (IPP075N15N3 G) 
which meets the above-mentioned requirements. 
 
Analysis and loss calculation for conventional boost converter 
Calculation of loss analysis is as follows: (assuming the output power of the PV panel with 
G=1000 w/m² and T= 25 C˚ this gives maximum power (       ) = 210W, maximum 
power voltage (        ) = 41.3V and maximum power current (        ) = 5.09A. ) 
 
Inductor Loss 
The resistance ( Lr ) of the used inductor mH2 is 0.3Ω 
Then power losses on the inductor with    = 9 % can be calculated as follows: 
                = 5.09 + 0.4581 = 5.5481A 
        (         
     = (       
   (     = 9.234 W 
If it is assumed that the resistance ( Lr ) of the inductor mH4 is 0.6Ω with    = 4 %.Then 
power losses on the inductor can be calculated as follows: 
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                 = 5.09 + 0.2036 = 5.2936 A 
        (         
     = (       
   (     = 18.468 W 
Hence, it is demonstrated that with a small inductor value there are lower losses However, a 
large inductor value gives lower current ripple and vice versa. Therefore, an engineering 
compromise is necessary. 
 
Mosfet Loss 
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(    (     ((            (     )       = 1.859 Watt 
                           (     (    
  
 (         (    (       = 0.151 Watt 
                 
    (                      Watt 
 
Diode Loss 
                             
 
 
               
 
 
 
(    (    (         (        = 0.01 Watt 
                           (     
Here the forward current is equal to the maximum inductor current (     ) 
                       (      (     (       = 0.911 Watt 
 
The efficiency of the conventional boost converter with PV panel output power of under 
G=150 w/m² and T= 25 C˚ is: (assuming the output power of the PV panel with G=150 w/m² 
and T= 25 C˚ this gives maximum power (       ) = 28.5W, maximum power voltage 
(        ) = 36.7V and maximum power current (        ) = 0.779A.) 
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Inductor Loss 
The inductor loss, with    = 9 %, can be calculated as follows: 
                = 0.779 + (0.07) =0.849 A 
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   (     = 0.216 Watt 
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Diode Loss 
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Here, the forward current is equal to the maximum inductor current (     ) 
                       (      (      (       = 0.348 Watt 
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Efficiency of the conventional boost converter with an output power of the PV panel under 
G=150 w/m² and T= 25 C˚ is: 
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     (      (                        (                  
    
            
 
From this, the power loss and overall efficiency of the conventional boost converter under 
changeable irradiation conditions is shown in Table 4.1. 
 
Table 4.1: Efficiency and power losses of conventional boost converter 
 
 
Inductor 
losses switch losses Diode losses 
 
Irradiation 
w/m^2 
 
        
(Watt) (Watt) 
 
        
(Watt) 
        
(Watt) 
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(Watt) 
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efficiency
 % 
150 
 
 
28.6 0.216 0.104 
     
      0.014 
      
      0.348 97.58 
300 
 
 
59.99 0.855 0.301 
    
      0.014 
    
      0.485 97.22 
700 
 
 
145.7 4.664 1.097 0.0363 0.014 
     
      0.777 95.47 
1000 
 
 
210 9.23 1.859 0.151 0.014 0.01 0.911 94.2 
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4. 2. Controller design 
To operate the Mosfet switch of the conventional boost converter, a Pulse-Width 
Modulation (PWM) is used as shown in Fig. 4.6. The PWM employs a constant switching 
time period (i.e. fixed frequency) and adjusts the on period of the switch to control the 
average output voltage,    . The control voltage signal is obtained by the difference between 
the actual output voltage     and its reference voltage      value that is calculated by MPPT. 
The maximum power point tracking (MPPT) algorithm is used to calculate the reference 
voltage towards which the photovoltaic operating voltage should move next to obtain 
maximum power point [84], this process is repeated periodically with a slow rate of around 
1-10 samples per second.  
The instantaneous voltage error between the reference voltage and the measured PV voltage 
is fed to the Proportional-Integral (PI) controller. The PI controller is tuned using a trial and 
error tuning method to determine the values of integral time (    and proportional gain (    
based on the system transient response characteristics. Using this method, the integral gain is 
set at 800 and the proportional gain is set at 1 to ensure good dynamic and steady state 
performance, with acceptable stability margin. The integral gain (    improves the tracking 
by reducing the error between the actual voltage     and the reference voltage       that is 
calculated by the maximum power point tracking controller. In general, the system employs 
the PI controller towards minimizing the error between the measured voltage and      by 
varying the duty cycle (D) [85]. The PWM frequency is kept constant (20 kHzl. When the 
amplified error signal, which varies slowly relative to the switching frequency dynamics, is 
greater than the triangular waveform, the switch control signal becomes higher, causing the 
switch to turn on, otherwise, the switch is off [80]. 
 
 
 
Fig. 4.6, Pulse Width Modulator control for conventional boost converter 
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4. 3.  Results and discussion 
To validate the theoretical analysis of the introduced standalone photovoltaic system using a 
conventional boost converter, a perturb and observe based maximum power point tracking 
algorithm is used to guarantee maximum PV power is extracted from the panel. Both 
simulation and experimental systems are developed to evaluate the conventional boost 
converter with the introduced system. Tests are carried out at several power levels for two 
possible photovoltaic panels (KD50SE-1P and HIP-210NH1-BO-1; details first presented in 
Table 3.1) under a variety of atmospheric conditions. Furthermore, the investigation 
considers the impact of different load levels. In addition, to validate the results, key design 
constraints and parameters are used on the conventional boost converter in both the software 
and hardware as shown in Table 4.2. In the following discussion, the results of the 
simulation using Matlab (Simulink) are shown from Fig. 4.7 to Fig. 4.14, and then the 
experimental results and discussion are presented in Fig. 4.15 to Fig. 4.23. 
 
 
Table 4.2:  Parameters for conventional boost converter 
ƒ = 20 kHz, 
D=0.1&0.9 
Conventional boost 
converter 
Capacitor  (Cin) 9.4 µF 
Inductors L1= 2 mH 
Frequency 20kHz 
Capacitor (Cout) 44µF 
Maximum Resistive load 200Ω 
Mosfet IPP075N15N3 G 
Diode BYW29EX-200 
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4. 3.1. Simulation results and discussion 
Here, the conventional boost converter is tested when connected to a resistive load. Two 
dissimilar power panels are used to supply the DC-DC conventional boost converter; they 
have different maximum power ratings of 50 Watts and 210 Watts. The corresponding 
results for load power (output power) and PV power are shown in Figs. 4.8 and 4.11. The 
following describes these results in more detail. 
4.3.1.1. Conventional converter with 50% load under solar panel of 50 Watt  
The conventional boost converter, tested with 100 ohm load, and supplied by solar array of 
rate maximum 50 Watts with changeable atmospheric conditions is shown in Figs 4.7, 4.8 
and 4.9. The results show that the conventional converter has a low efficiency of 90% at 
irradiation of 1000w/        but when the maximum PV power is decreased due to a drop 
of irradiation, the efficiency of the conventional boost converter rises, as is reaches 95% at 
an irradiation of  150w/        . 
Fig. 4.7, Changeable irradiation over 50 Watt PV panel 
Fig. 4.8, Power of conventional boost converter under changeable irradiation supplying load 
(100Ω) 
Fig. 4.9, Efficiency of conventional boost converter with load (100Ω) under changeable 
irradiation conditions 
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4.3.1.1. Conventional converter with 100% load under solar panel of 210 Watts  
The conventional boost converter, tested with load 195 ohm, and supplied by a solar array of 
maximum 210 Watt rating is shown in Figs 4.10, 4.11 and 4.12. The result figures show that 
the conventional converter has a high efficiency around 95% at irradiation 200w/       , 
but when the maximum PV power rises due to a rise in irradiation weather conditions, the 
efficiency of the conventional boost converter falls, it reaches 91% at irradiation of  
1000w/       . 
 
Fig. 4.10, Changeable irradiation over 210 Watt PV panel 
 
Fig. 4.11, Power of conventional boost converter under changeable irradiation supplying 
load (195Ω) 
 
Fig. 4.12, Efficiency of conventional boost converter with load (195Ω) under changeable 
irradiation conditions 
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Output power ripple of conventional boost converter: 
The output power of the conventional boost converter is obtained under different irradiation 
conditions. As shown in Fig. 4.13, and Fig. 4.14, the conventional boost converter has about 
0.9 W output power ripple under irradiation 500w/       .  Also, the conventional boost 
converter shows an output power ripple of 0.9 W at 100w/       . The conventional boost 
converter shows low power losses under 100w/       . However, the conventional boost 
converter shows high power losses over 500w/       . This shows and proves that the 
conventional boost converter has small power losses at low power levels and large power 
losses at high power levels. 
 
 
Fig. 4.13, Output power ripple of conventional boost converter under 500w/        
 
 
 
 
Fig. 4.14 Output power ripple of conventional boost converter under 100w/         
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4. 3.2.  Experimental results and discussion 
The experimental results of the conventional converter supplied with a PV panel of 
maximum power rating 50 Watts is used to supply the DC-DC conventional boost converter. 
The solar panel is essentially a current source as the irradiation increases the PV output, the 
current will be higher and so the PV power is expressed as in equations (4.11, 4.12). The 
power of the solar array is defined as follows: 
                                                                                                                            (4.11) 
                                                                                                            (4.12) 
Output power of load identify as follow 
                                                                                                  (4.13)    
The efficiency (   expression as follows: 
   
        (                         
       
      
   
     (     
       
                                                                                                         (4.14)         
The pulse width modulation signal to drive the power Mosfet switch is shown in Fig. 4.15 
and also shows the inductor current with time on and off time periods using 20 kHz 
frequency.  
 
 
Fig. 4.15, Power Mosfet switching and inductor current in conventional boost converter  
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The transient response of the conventional boost converter is indicated in Fig. 4.16. As can 
be seen the conventional boost converter is slow in reaching steady state, and also shows 
high input current ripple amplitude at maximum PV power and inductor current. The result 
indicates that the input current ripple amplitude of the conventional boost converter is large 
and has a low output ripple frequency. The inductor ripple is less than the maximum PV 
current because of the input capacitor filter used in the converter. 
 
At 150w/        , as shown in Fig 4.17, the conventional boost converter displays a 
maximum PV current of 0.355 Amps [channel 1] and with ripple approximately 0.075 Amps 
and frequency of 20 KHz, inductor current is 0.310 Amps [channel 3] and clearly remains in 
continuous conduction mode. The graph also shows a maximum PV voltage of 16.5 Volts 
[channel 4] with ripple of 0.039 Volts. Fig. 4.18 shows the load characteristics of 
conventional boost converter at weather condition 150w/       , the figure displays the 
load current is 0.130 Amps [channel 1] with ripple approximate 0.003 Amps, and shows a 
load voltage is 35.3 Volts with ripple of about 0.09 Volts [channel 4]. 
 
 
Fig. 4.16, Transient response of conventional boost converter with inductor’ current 
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Fig. 4.17, Conventional boost converter with PV power under irradiation=150w/        
 
 
Fig. 4.18, Output current and voltage of conventional boost converter with PV power under 
irradiation=150w/        
 
The conventional boost converter at 400w/       , shown in Fig 4.19, presents a 
maximum PV current is 1.02 Amps with ripple of approximately 0.1 Amps at 20khz 
[channel 1], an inductor current is 1.11 Amps [channel 3], and a maximum PV voltage is 17 
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Volts with ripple approximates 1.5 Volts [channel 4]. Furthermore, Fig. 4.20 shows the load 
characteristics of the conventional boost converter at 400w/       , the graph shows the 
load current is 0.268 Amps with ripple about 0.006 Amps [channel 1], and shows a load 
voltage is 59.4 Volts with ripple approximates 0.14 Volts [channel 2]. 
 
Fig. 4.19, Conventional boost converter with PV power under irradiation = 400w/        
 
 
Fig. 4.20, Output current and voltage of conventional boost converter with PV power under 
irradiation = 400w/        
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Conventional boost converter at 1000w/        , as shown in Fig 4.21,  highlights a 
maximum PV current of 2.83 Amps [channel 1] with ripple approximately 0.45 Amps and 
frequency of 20 KHz, inductor current is 2.87 Amps [channel 3], a maximum PV voltage is 
16.7 Volts [channel 4] with ripple of 1.5 Volts. Furthermore, Fig. 4.22 displays the load 
characteristics of conventional boost converter at weather condition 1000w/       , the 
figure shows the load current is 0.5 Amps [channel 1] with ripple about 0.0012 Amps, and 
shows a load voltage is 91.2 Volts [channel 2] with ripple of 0.218 Volts. As can be seen 
from all waveforms results of conventional boost converter under varied weather condition, 
the conventional boost converter has high ripple amplitude at the inputs and the outputs.    
 
 
 
Fig. 4.21, Conventional boost converter with PV power under irradiation = 1000w/        
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Fig. 4.22, Output current and voltage of conventional boost converter with PV power under 
irradiation=1000w/        
 
Measured efficiency 
 
Table 4.3: Conventional boost converter measured hardware experiment efficiency 
 
Conventional boost converter 
efficiency (%) 
Irradiation 
(w/m^2) 
Load = 
195Ω load = 100Ω 
150 91.73 92.66 
200 91.98 92.98 
300 92.27 92.73 
400 92.33 92.53 
500 92.19 91.99 
600 91.39 91.59 
700 90.91 90.85 
800 90.34 89.54 
900 89.55 89.11 
1000 89.08 87.94 
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Discussion  
The experimental efficiency results for the conventional boost converter under various 
conditions are shown in Fig. 4.23 and table 4.3.  The axis (x) represents the maximum PV 
power that goes up as the irradiation weather rises which is shown on the right axis (y). 
While the left axis (y) represents the efficiency of the conventional boost converter with 
different load percentage.  The efficiency of the conventional boost converter; with its load 
of about 100% (195 ohms) and at low irradiation 150w/        (available PV power of 7 
Watts), is 91.73% . At 250w/        (available PV power of 12 Watts), the efficiency is 
steady until 550w/       . As the irradiation and maximum PV power continue to rise, the 
efficiency of the converter starts to decline until it reaches 89.08% at irradiation 
1000w/        (available PV power of 50 Watts). With 50% load (100 ohm), the 
converter shows a similar trend, the converter shows high efficiency 92.98 % at irradiation 
200w/        with maximum obtainable array power 9.93 Watts. Then, the converter 
efficiency starts to decrease as the maximum PV power increases. Eventually, when the 
irradiation is at 1000w/        available PV power of 50 Watts), the efficiency of the 
converter is at its lowest level of 87.94%. 
 
Fig. 4.23, Efficiency results of experiment to conventional boost converter with different 
load value under irradiation atmosphere condition 
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4.4. Summary 
This chapter has set out to investigate the conventional boost converter stage of the 
electronic power in standalone PV systems; therefore the simulation and experiment are 
built to see the performance of a conventional boost converter in a standalone PV system 
under changeable atmospheric conditions. The performance characteristics of the 
conventional boost converter are carried out by using the same value of parameters in both 
tests (simulation and experiment). The switching device, and the diode are chosen after an 
extensive calculation of key design considerations, particularly, when cost and efficiency are 
essential factors in any power plant generation.   
This study has found, and confirmed that through both simulation and experiment, the 
conventional boost converter drops in efficiency at a high power of PV panel when there is a 
higher insolation of weather available. By looking at the I-V characteristics of the solar 
panel in Chapter one (Fig. 1.2, Fig. 1.4), it can be seen that the current is a major factor of 
solar energy, so it is expected that the losses will increase as the PV current array climbs due 
to the rise of insolation, However, the efficiency of the conventional boost converter rises 
when the power of the PV solar decreases due to a fall of irradiation weather. In the case of a 
changeable load, the conventional boost converter with different percentages of its resistive 
load still has low efficiency when receiving a high PV array power and shows high 
efficiency as the obtained photovoltaic power decreases. Moreover, the study confirming 
that through the simulation and experimental work, the conventional boost converter shows 
a high PV power ripple and a high load power ripple. 
In discussing the results of the simulation and experiment, a conventional boost converter 
could be a good choice for a standalone PV system that requires operating in low insolation 
conditions. Also, a conventional boost converter can be selected if the key consideration is 
to have a low cost boost converter that is a non-complicated circuit to operate and the 
efficiency and current ripple are not the main priority.  
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5. Interleaved Boost Converter 
 A two-limb parallel connected conventional boost converter is shown in Fig. 5.1 this is 
typically called an interleaved boost converter. This converter is used to improve power 
conversion capability, and one of its applications is to match the photovoltaic system to the 
load and to operate the solar cell array at maximum power at all insolation [3].  
L1
RL
Cou
PV
L2
S2S1
ipv
iout
Vin
Vout
Cin
iL1
iL2
D1
iCou
iD2
VL2
VL1
D2
iD1
 
Fig. 5.1, Non-isolated interleaved boost converter 
 
For a step-up application, an equivalent interleaved boost converter offers several 
advantages over a conventional boost converter; such as a lower current ripple on the input 
and output stages. Therefore, there is there is the opportunity to minimise the output 
capacitor filter that is often quite large in the conventional boost [20] [86] [87]. In addition, 
it effectively increases the switching frequency without increasing the switches losses. 
Furthermore, it provides a fast transient response to load changes and improves power 
handling capabilities. A higher efficiency may be realized by splitting the input current into 
two paths, substantially reducing i
2
R losses and inductor AC losses. This also gives low 
stresses on components due to the current split which increases the power processing 
capability [9], [22], [23]. However, using an interleaved converter increases the number of 
power handling components and circuit complexity which may lead to an increase in cost. 
However, in renewable energy systems, long-term improved power generation can help to 
offset this disadvantage [9]. The topology of the interleaved boost converter consists of two 
limbs operating at 180 degrees out of phase from each other. Typically, each branch operates 
in the same fashion as a conventional boost converter previously described in Chapter four. 
When S1 turns on, the current ramps up in L1 with a slope depending on the input voltage 
storing energy in L1, D1 is off during this time since the output voltage is greater than the 
input voltage. When S2 turns off, the L2 inductor delivers part of its stored energy to the 
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output capacitor and the load, the current in L2 ramps down with a slope dependent on the 
difference between the input and output voltage. One half of a switching period later, S2 
also turns on, completing the same cycle of events. 
 
Continuous conduction mode 
For analysis, assuming the interleaved converter is operating with 50% of duty ratio in a 
continuous current mode (CCM) the inductor currents (L1 and L2) never fall to zero within 
a switching cycle as shown in Fig. 5.2 
 
Fig. 5.2, Interleaved boost converter waveforms at continuous conduction mode 
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The equation below is derived to confirm that with duty ratio         , the same 
expression that is obtained with a conventional boost converter in CCM is achieved.  
Considering figure 5.2, when Area            , and if the switching on time is        
and the switching off time is      (     , then; 
       (          (       
                            
                             
    (         (         
And then 
    
   
 
(        
(      
 
Here if     
         
Then 
     
   
(     
 
Discontinuous conduction mode 
Waveforms for the DCM interleaved boost converter are shown in Fig. 5.3. Here, the 
inductor current waveforms are phase delayed by      from each other and assumed to be 
operating with 50% duty ratio. 
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Fig. 5.3, Step-up interleaved boost converter wave forms at discontinuous condition mode 
From Fig.5.3, it is possible to consider the discontinuous conduction mode analysis. In the 
following,    is the duty ratio of switch one,      is the output voltage,    is the duty ratio 
of switch two,     is the input voltage,    is the inductor one,    is the inductor two,       
is the load current. 
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For switch one: 
        , and                  
When switch one is turned on  
      
  
  
 
      
       
   
                                                                                                            (5.1) 
When switch one is turned off      falls to zero 
      
  
  
 
            
        
   
                                                                                 (5.2) 
From equation 5.1 
         
      
  
 
From equation 5.2 
         
(            
  
 
  
      
  
  
(            
  
 
       
      
        
                                                                                          (5.3) 
 
For switch two:  
        , and                  
 When switch two is turned on  
      
       
   
                                                                                                             (5.4) 
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When switch one is turned off      falls to zero 
            
        
   
                                                                                (5.5) 
  
      
  
  
(            
  
 
       
      
        
                                                                                        (5.6)        
From equations (5.1), (5.3), (5.4) and (5.6), the load output current (    ) is the average 
value of the total diodes current 
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In discontinuous conduction mode the voltage transfer function is not a simple function of 
duty ratio, it depends upon the size of the inductor, output current and switching frequency 
as the expression showing on a conventional boost converter at discontinuous current mode.   
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5.1. Design of interleaved boost converter 
The interleaved boost converter circuit is shown in Fig. 5.4, this part is provided to design 
and determine the elements and parameters of the circuit based on frequency switches 
operation and on energy from a photovoltaic source as follows. 
Iout
Vout
Ipv
D1
L1
CoutCin
Vpv
SW1
iL1
D2
L2
iL2
SW2
 
Fig. 5.4, Structure of interleaved boost converter 
 
In designing an interleaved boost converter, a typical constraint is the maximum output 
ripple. Once the frequency, input voltage, and output voltage are defined, this ripple is 
directly related to the inductor value. The design specifications and procedure are the same 
as the conventional boost converter presented in Chapter four. The following parameters are 
also needed: The photovoltaic voltage     is the input voltage of the converter range: 
   (     = 0 V, and    (    = 41.3V. Assumption of efficiency is 100 %, maximum resistive 
load:       = 195 ohm, switch frequency of the converter: ƒ = 20 kHz, estimated 
photovoltaic current ripple      which is the input current of the converter:      = 9%, 
estimated output voltage ripple:      = 0.24%. 
 
 Inductor selection 
The input current is the sum of the two inductor currents as the inductor’s ripple current are 
o180  out of phase, they cancel each other out and reduce the input current ripple that the 
boost inductors cause. However, the interleaved boost converter has the same input current 
ripple requirement as the conventional boost converter, each inductor of the interleaved 
boost converter carries half of the input current. From equation 4.9 
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If    = 9%, then the inductor ripple current is: 
 
      = 9%   A4581.0
100
9
09.5   
The peak-to-peak current ripple is: 
 
            = 0.9162 A 
 
Then using equation 4.10 : 
       
     
 
     
      
       
  8.0
200009162.02
3.41


  mH1  
 
The inductor (B82615B2502M001) which is selected for use in the simulation software and 
in experiment has a low resistance inductor ( Lr ) = 0.15 ohm and the inductor value is (   
   .   
 
Selection of output and input capacitors  
Since the desired output voltage ripple ( V = 0.24%) of the interleaved boost converter is 
the same as the conventional boost converter, from the calculation the capacitors have the 
same value gained in the conventional boost converter. Therefore, the same chosen output 
capacitor is used (EEUED2C220) and has the value 22µF. Two of them connected in 
parallel give a total output capacitor of 44µF. Also the same chosen input capacitor is used 
(TR3D475M063C0700) and has a value 4.7µF and ESR = 0.7Ω; two of these connected in 
parallel give a total of 9.4µF. 
 
Selection of switching devices and diodes  
Because the interleaved boost converter consists of two phases which require two inductors, 
two power Mosfets switches and two diodes are required. These extra components will 
increase cost but will share current which results in a low amplitude ripple and reduced 
losses. The specification of switching devices and diodes will be the same as that used in the 
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conventional boost converter. The power Mosfet switch that is selected for use is the same 
for switch one and switch two (IPP075N15N3 G). The chosen diode is (BYW29EX-200). 
 
Analysis and loss calculation for the interleaved boost converter 
Calculation of loss analysis is as follows: When the output power of the PV panel with 
G=1000 w/m² and T= 25 C˚ this gives maximum power (       ) = 210W, maximum 
power voltage (        ) = 41.3V and maximum power current (        ) = 5.09A.  
 
Inductor losses: 
        
       
 
    
   
 
  = 0.15Ω  
                      (
   
                
)
 
                                                  (5.7) 
 
                     = 2.545 + (2.545×(9/100)) = 2.77405A 
         (          
       = (        
  ×0.15 = 1.1543W  
                    = 2.545 + 0.22905 = 2.77405A 
         (          
       = (        
  ×0.15 = 1.1543W  
 
Overall inductor loss for the interleaved boost converter is as follows 
                             = 1.1543 + 1.1543 = 2.3086 W 
 
As can be seen, these are lower losses compared to the previously calculated inductor loss 
for the conventional boost converter. 
 
Mosfet Losses: 
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Diodes losses: 
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                          (    (    (        (        = 0.0203 Watt       
                       (      
 
(         
Here the forward current is equal to the inductor current (     ) 
   Then,                           (      (       (       = 0.911 Watt  
                                                     
Efficiency of an interleaved boost converter at G=1000 w/m² and T= 25 C˚ is illustrated 
below: 
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    (      (                    (              
   
            
 
Loss analysis is as follows: When the output power of the PV panel with G=150 w/m² and 
T=25C˚, this gives maximum power (       ) = 28.5W, maximum power voltage (        
) =36.7V, and maximum power current (        ) = 0.779A. Moreover, with the assumption 
that efficiency is 100% then the output power is equal to the input power. The analysis 
considers the output voltage of the converter when the PV panel operates with G=150 w/m²: 
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Inductor losses: 
Then power losses in the inductor with    = 9 % can be calculated as follows: 
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         (          
       = (      
  ×0.15 = 0.0269W  
                    = 0.389 + 0.035 = 0.424A 
         (          
       = (      
  ×0.15 = 0.0269W  
Whole losses on inductors of the interleaved boost converter are as follows: 
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Mosfet Losses: 
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Diodes losses: 
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Here the forward current is equal to the maximum inductor current (     ) 
                                   (      (        (       = 0.348 Watt                                                      
 
Efficiency of the interleaved boost converter with PV panel output power of G=150 w/m² 
and T= 25 C˚ is: 
   
        (                         
       
      
       
  
     (      (                        (                )
    
          
 
Using a similar approach, the power loss and efficiency of the interleaved boost converter 
under various irradiation conditions is shown in Table 5.1: 
 
 
Table 5.1: Efficiency and power losses of interleaved boost converter power  
 
 
Inductor 
losses switch losses Diode losses 
 
Irradiation 
w/m^2 
 
        
(Watt) (Watt) 
 
        
(Watt) 
        
(Watt) 
         
(Watt) 
         
(Watt) 
        
(Watt
) 
efficiency
 % 
150 
 
 
28.5 0.053 0.104 
     
      0.028 
     
      0.348 98 
300 
 
 
59.99 0.214 0.301 
    
      0.028 0.0108 0.485 98.2 
700 
 
 
145.7 1.164 1.097 0.0363 0.028 0.0168 0.777 97.85 
1000 
 
 
210 2.308 1.859 0.0756 0.028 0.0203 0.911 97.52 
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For completeness, the power loss and efficiency of the interleaved boost converter at low 
irradiation conditions, when operating in discontinuous current mode, is shown in Table 5.2. 
In discontinuous current mode, the peak and RMS value of the current are high [88] [89]. 
For the reasons outlined earlier, this results in the Mosfet losses dominating [90]. In 
calculating the data in Table 5.2, at low irradiation, the current has been divided by two as 
the RMS and peak current are expected to be higher when it operates in discontinuous 
current mode.  
 
Table 5.2: Efficiency and power losses of interleaved boost converter considering DCM 
 
 
Inductor 
losses switch losses Diode losses 
 
Irradiation 
w/m^2 
 
        
(Watt) (Watt) 
 
        
(Watt) 
        
(Watt) 
         
(Watt) 
         
(Watt) 
        
(Watt
) 
efficiency
 % 
150 
 
 
28.5 0.053 0.208 
     
      0.028 
     
      0.696 96.5 
300 
 
 
59.99 0.214 0.602 
     
      0.028 0.0216 0.97 96.9 
700 
 
 
145.7 1.164 1.097 0.0363 0.028 0.0168 0.777 97.85 
1000 
 
 
210 2.308 1.859 0.0756 0.028 0.0203 0.911 97.52 
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5. 2. Controller design 
The generation of two interleaved duty ratio commands is accomplished using two PWM 
units which are controlled by a two bit shift register [91]. This register sequentially resets 
each pulse width modulation ramp and corresponding output key, resulting in a phase delay 
between PWM signals of 2    as shown in Fig. 5.5. The two PWMs employ constant 
frequency and control the turning on period of the switches to control the average output 
voltage    . Constant switching time period:              
The signal of the control voltage is obtained by the difference between the actual output 
voltage     and its reference voltage      value that is calculated by MPPT. The maximum 
power point tracking (MPPT) algorithm is used to calculate the reference voltage towards 
which the photovoltaic operating voltage should move next to obtain a maximum power 
point [84], this process is repeated periodically with a slow rate of around 1-10 samples per 
second.  
The instantaneous voltage error between the      and measured PV voltage is fed to the 
proportional-integral (PI) controller. The PI controller is tuned using a trial and error tuning 
method for determining the values of integral time (    and proportional gain (    . Using 
this method, the integral gain is set at 800 and the proportional gain is set at 1 to ensure a 
fast stability rate. The integral gain (    improves the tracking by reducing the error between 
the actual voltage     and the reference voltage       that is calculated by the maximum 
power point tracking control. In general, the system employs the PI controller towards 
minimizing the error between the measured voltage and      by varying the duty cycle (D1 
and D2) [85]. The frequency is kept constant (20 kHz) in both a pulse-width modulation 
(PWM) control and is chosen not to be low to avoid high noise and not high to evade the 
high switching losses. When the amplified error signal, which varies slowly with time 
relative to the switching frequency, is greater than the triangular waveform, the switch 
control signal becomes higher, causing the switch to turn on, otherwise, the switch is off 
[80]. Controlling Mosfet switches in the interleaved boost converter can be operated by 
pulses shown in Fig. 5.6 with 20 kHz frequency and delay between the two PWM signals is 
    . 
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Fig. 5.5, Pulse Width Modulator control for interleaved boost converter 
 
 
 
 
 
Fig. 5.6, Hardware pulses of the switches of interleaved boost converter with shift       
+ 
_ 
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5. 3. Results and discussion 
The simulation and experimental set up of the interleaved boost converter is used to validate 
the theoretical analysis of the introduced standalone photovoltaic system using the power 
stage of an interleaved boost converter. A perturb and observe MPPT algorithm is used to 
guarantee the maximum power of the PV panel engaged to the converter. The simulation 
and experimental are built to evaluate the interleaved boost converter with the introduced 
system; tests are carried out with two different power level photovoltaic panels (HIP-
210NH1-BO-1) and (KD50SE-1P) under a variety of atmospheric conditions (details in 
Table 3.1). Also, the tests are run with different loading. In addition, to validate the results, 
similar considered key design constraints and parameters are used on the interleaved boost 
converter in both the software and hardware as shown in Table 5.3. 
 
 
Table 5.3:  Parameters for interleaved boost converter 
 
ƒ = 20 kHz 
D = 0.1- 0.9 Interleaved boost converter 
 
Capacitor  (Cin) 9.4 µF 
Inductors 
L1= 1 mH 
L2=1 mH 
Frequency 20kHz 
Capacitor (Cout) 44 µF 
Resistive load 100 & 195Ω 
 Mosfets IPP075N15N3 G 
 Diodes 
 
BYW29EX-200  
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5.3.1. Simulation results and discussion 
The interleaved boost converter as active power stage fed to load, load power (output power) 
and PV power are shown in Figs 5.8 and 5.11. Two dissimilar power panels are used to 
supply the DC-DC interleaved boost converter; they have different maximum power rates of 
50 Watts and 210 Watts. 
 
5.3.1.1. Interleaved converter with 50% load under solar panel of 50 Watts  
The interleaved boost converter is tested with 100 ohm load (50% rating) and supplied by a 
solar array rated at 50 Watts.  The atmospheric conditions are varied shown in Fig 5.7 and 
the response of the system is summarised in Figs 5.8, and 5.9. The results show that the 
interleaved boost converter has a high efficiency of 95.6% at 1000w/        , but when 
the maximum PV power is decreased, the efficiency of the interleaved boost converter also 
falls; it collapses to 93% at an irradiation of 150w/        with maximum accessible PV 
power. 
Fig. 5.7, Changeable irradiation with 50 Watt PV panel 
Fig. 5.8, Power of interleaved boost converter under changeable irradiation (load100 ohm)  
 
Fig. 5.9, Efficiency of interleaved boost converter with load (100Ω) under changeable 
irradiation conditions 
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5.3.1.2. Interleaved converter with 100% load under solar panel of 210 Watts  
The interleaved boost converter, tested with 195 ohm load and supplied by a solar array 
rated at 210 Watts maximum, and subject to changeable atmospheric conditions, is shown in 
Figs (5.10, 5.11, and 5.12). The figures show that the interleaved boost converter has 
relatively low efficiency (around 90%) at 200w/       , but when the maximum PV 
power rises due to increasing irradiation the efficiency of the interleaved boost converter 
also rises; it reaches 95.8% at 1000w/       . 
 
 
Fig. 5.10, Changeable irradiation over 210 Watt PV panel 
 
 
Fig. 5.11, Power of interleaved boost converter under changeable irradiation supplying load 
(195Ω) 
 
Fig. 5.12, Efficiency of interleaved boost converter with load (195Ω) under changeable 
irradiation conditions 
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Output ripple of interleaved boost converter: 
The output power of the interleaved boost converter is obtained under different irradiation 
conditions. As shown in Fig. 5.13, and Fig. 5.14, the interleaved boost converter has 0.23 W 
output power ripple amplitude at 500w/       .  Also, the interleaved boost converter 
shows an output power ripple amplitude of 0.23 W under 100w/       . The interleaved 
boost converter shows high power losses at 100w/       , however, it has low power 
losses at 500w/       . This proves the interleaved boost converter has high power losses 
at low PV power levels and low power losses at high PV power levels. 
 
 
Fig. 5.13, Output power ripple of interleaved boost converter under 500w/        
 
 
 
 
Fig. 5.14, Output power ripple of interleaved boost converter under 100w/        
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5.3.2. Experimental results and discussion 
The experimental results of the interleaved boost converter are obtained using a PV emulator 
designed set for 50 Watts maximum output power. This is used to supply the input of the 
DC-DC interleaved boost converter. Consider the photovoltaic power, and efficiency 
expressions in equations (4.11, 4.12, 4.13, and 4.14); the interleaved boost converter has two 
phases operating 180 degrees out of phase from each other as shown in Fig. 5.15. Two 
PWMs are used to drive the gate voltage to Mosfet, and one Mosfet should be turned on half 
a period time delay from the other one. Furthermore, the figure shows the characteristic of 
the switches and inductors’ in the interleaved boost converter when operating at 20 kHz 
frequency.  
 
 
Fig. 5.15, Characteristic of switches and inductors’ current in interleaved boost converter 
 
In Fig. 5.16, the interleaved boost converter shows a dynamic response, and as it can be seen 
that the input current ripple amplitude of the interleaved boost converter is small and has a 
high output ripple frequency and the inductor ripple is less than the maximum PV current 
because of the used input capacitor filter in the converter. Generally, the interleaved boost 
converter has shown fewer ripples in the inputs and outputs of its waveforms in comparing 
with the conventional boost converter waveforms characteristics in chapter four. 
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Fig. 5.16, Transient response of interleaved boost converter with inductors’ current 
 
 
Discussion 
As can be seen from the results, as the irradiation increases the maximum PV panel current 
increases while the maximum PV panel voltage is almost constant, these characteristics 
inform us the solar power is behaving as a current source. It also shows a rise in load power, 
load current and load voltage as the irradiation soars. At 150w/       , as shown in Fig 
5.17, the interleaved boost converter displays a maximum current panel of 0.394 Amps with 
approximate ripple of 0.035 Amps at 10 KHz [channel 1], a maximum voltage panel of 17.7 
Volts with ripple is about 1.5 Volts [channel 4], a maximum PV power of about 10 Watts, 
inductor 2 current of 0.179 Amps [channel 2], and shows a current of inductor 1 is 0.176 
Amps [channel 3]. In addition, the graph show the inductors ‘current are in discontinuous 
conduction mode. Furthermore, Fig. 5.18 shows the load characteristics of interleaved boost 
converter at weather condition 150w/       , the figure displays the load current is 0.193 
Amps with ripple is about 0.004 Amps in channel (1), a load voltage is 35 Volts  with ripple 
of 0.085 Volts [channel 4] and the load power is about 7 Watts. 
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Fig. 5.17, Interleaved boost converter with PV power under Irradiation=150w/        
 
 
 
 
Fig. 5.18, Load current and voltage of interleaved boost converters with load power under 
irradiation=150w/        
 
At 500w/       , as highlighted in Fig 5.19, the interleaved boost converter presents a 
maximum PV current is 1.42 Amps with ripple approximates 0.126 Amps and frequency 
about 10 KHz [channel 1], inductor 2 current is 0.720 Amps [channel 2], inductor current 1 
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is 0.723 Amps [channel 3], a maximum PV power is about 25 Watts, maximum PV voltage 
is 16.9 Volts with 1.48 Volts ripple [channel 4]. Furthermore, Fig. 5.20 shows the load 
characteristics at 500w/       , the graph shows the load current is 0.350 Amps [channel 
1] with ripple of 0.008 Amps, load power is about 20 Watts, and load voltage is 65.3 Volts 
with approximate ripple 0.156 Volts [channel 4].   
At 1000w/         , shown in Fig 5.21, the interleaved boost converter shows a maximum 
PV current is 2.89 Amps with 0.26 Amps ripple [channel 1], inductor 2 current is 1.46 Amps 
[channel 2], inductor current 1 is 1.48 Amps [channel 3], maximum PV voltage is 16.3 Volts 
with ripple of 1.5 Volts [channel 4].. Furthermore, Fig. 5.22 displays the load characteristics 
at 1000w/       , the figure shows the load current is 0.488 Amps with 0.0011 Amps 
ripple [channel 1], load voltage is 91.2 Volts with 0.21 Volts ripple [channel 4], and shows a 
load power is about 44.5 Watts. 
 
 
 
Fig. 5.19, Interleaved boost converter with PV power under irradiation = 500w/        
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Fig. 5.20, Load current and voltage of interleaved boost converters with load power under 
irradiation=500w/        
 
 
 
Fig. 5.21, Interleaved boost converter with PV power under irradiation=1000w/        
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Fig. 5.22, Load current and voltage of interleaved boost converters with load power under 
irradiation=1000w/        
 
Measured efficiency 
 
Table 5.4: Interleaved boost converter; measured experimental efficiency 
 
Interleaved efficiency (%) 
Irradiation (w/m^2) 
Load = 
195Ω 
load = 
100Ω 
150 88.28 90.02 
200 88.72 90.88 
300 89.81 91.76 
400 90.7 92.05 
500 91.33 91.95 
600 91.5 92.11 
700 91.68 91.93 
800 91.75 91.88 
900 91.67 91.63 
1000 91.54 91.48 
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Fig. 5.23, Efficiency results of interleaved boost converter with different load value under 
irradiation conditions 
Discussion 
The results from the interleaved boost converter are presented in Fig. 5.23 and in Table 5.4. 
The left axis (y) represents the efficiency of the interleaved boost converter with different 
load percentages and axis (x) presents the maximum PV power that rises as the irradiation 
weather rises which is shown on the right axis (y). As the result on the whole figure 
indicates, the efficiency of the interleaved boost converter with its load of about 50 % (100 
Ohms), at low irradiation 150w/        with available generated maximum PV power of 
about 7 Watts, the converter shows low efficiency of 90.02% and after a slight climb at 
250w/        that produced the available maximum PV power of 12 Watts, after that the 
high level efficiency nearly starts to be steady as can be seen at irradiation levels 
400w/       , 500w/       , at 750w/        as the obtained maximum PV power 
rises until the efficiency of the converter reaches 91.48 %  at irradiation 1000w/        
and maximum PV power 50 Watts. Also, the converter with (195 Ohm) 100 percentage of 
its load shows nearly the same trace, the converter has shown a high efficiency level around 
91.60 % at irradiation 600w/       , 700w/       , 800w/        and 900w/        
with maximum obtainable array power, but  the converter shows a low efficiency when the 
maximum PV power reduces due to the decrease of the irradiations, for example, at 
150w/        with gained maximum power 7 Watts, the efficiency of the converter goes 
to the lowest level of 88.28%. 
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5.4. Summary 
This chapter has set out to investigate the interleaved boost converter stage of the electronic 
power in standalone PV systems, so the simulation and experiment are built to see the 
performance of an interleaved boost converter in a standalone PV system under changeable 
atmospheric conditions. The performance of the interleaved boost converter is carried out 
using the same value of parameters in both tests (software and hardware). The switching 
devices and diodes are chosen to be the same as that used with the conventional boost 
converter which is selected after an extensive calculation of key design considerations. 
Especially when cost and efficiency are essential factors in any power plant generation. 
 
This section of study has confirmed that through both the software and hardware, the 
interleaved boost converter shows a low ripple of PV power and a low ripple of load power 
in comparison with the conventional boost converter. Furthermore, the study has found that 
the interleaved boost converter has high efficiency at a high power of PV panel when more 
insolation of weather is available. However, the efficiency of the interleaved boost converter 
declines when the power of the PV solar panel decreases due to a plunge in irradiation 
weather. In the case of a changeable load, the interleaved boost converter with different 
percentages of its resistive load still also has low efficiency when receiving low PV array 
power and shows a high efficiency as the obtained photovoltaic power increases. Looking to 
the system at low irradiation, it can be seen that a small PV current is shared between 
interleaved limbs. Therefore, the system operates in discontinuous current mode (DCM). 
Since the peak and RMS value of the current are high in DCM, higher losses result and 
greater current stress appears on the switches and for this reason the switching loss becomes 
dominant. Furthermore, because the interleaved converter has two switches, the efficiency 
will drop in comparison with a conventional boost converter.  
 
 To draw a conclusion on the results of the simulation and hardware, an interleaved boost 
converter could be good choice for a standalone PV system that requires operating energy in 
a high insolation climate. Also, the interleaved boost converter may be selected if the key 
consideration is to have a boost converter that has a non-complicated circuit to operate and 
high efficiency, a low current ripple and has moderate cost. 
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6. Interleaved Boost Converter with Novel Switch 
Adaptive Control 
After investigation, with reference to the conventional boost converter in Chapter four and to 
an interleaved boost Converter in chapter five, assessment of both converters has found that 
each converter exhibits a significant drop in efficiency at different stages of PV power 
output. For example, the efficiency of the conventional boost converter decreases at high 
power levels, whilst the efficiency of the interleaved boost converter decreases at low PV 
power levels. Therefore, this chapter aims to make a contribution to knowledge by 
combining the performance of both the discussed converters to improve the overall 
efficiency of the standalone PV system over a wide range of operating conditions. 
Specifically, the proposed scheme aims to improve the efficiency of the interleaved boost 
converter at low power levels by operating it as a conventional boost converter, but retaining 
the interleaved operation at high photovoltaic power levels. 
 To achieve this, a new switch adaptive control strategy is proposed as shown in Fig. 6.1. At 
high power, it operates normally as an interleaved converter, following the switch control 
rules already described in Chapter five. However, at low power (low irradiance) one phase 
of the interleaved cell is isolated by an auxiliary-switch (Sc) and all the current is controlled 
to flow in one phase of the interleaved converter. Fundamentally, the interleaved converter 
is now operating as a conventional boost converter (single inductor, single switch). At low 
power levels, the current is obviously low. However, by controlling all of the current into 
one leg of the interleaved boost converter, it reduces the risk of operating in discontinuous 
current mode. So long as the converter operates in a continuous current mode, the efficiency 
of the converter will be greater. 
L1
RLCo
PV
L2
S2S1
ipv
Vpv
VoutSc
control
Cin
i1
i2 D2
D1
iout
 
Fig. 6.1, Interleaved boost converter with novel switch adaptive control 
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The proposed adaptive switching strategy is highlighted in Fig. 6.2. It has several 
advantages, in particular it minimises system losses and helps the interleaved converter to 
operate with maximum power conversion efficiency at all times under a wide range of 
atmospheric conditions [92]. Moreover, the control scheme can be achieved with no 
significant additional hardware, and in terms of microprocessor implementation it is 
computationally light.  
 
start
Sense  I (k)
P (k) = 0
P (k) ≥ 25 W
interleavedconventional
No
No Yes
Yes
Return
 
Fig. 6.2, Flow chart of novel switch adaptive control 
 
 
The controller measures the PV current and PV voltage to monitor the PV power and 
follows a very simple request to operate the converter as an interleaved boost converter 
(switch ON) at high PV power when the power is over a 25 Watt level, and as a 
conventional boost converter (switch OFF) at low PV power when the PV power is lower 
than 25 Watts. The need for the auxiliary switch is not immediately obvious at first. 
However, its inclusion is very important to the successful operation of the proposed scheme. 
To justify the use of the auxiliary switch, consider the simulation shown in Fig. 6.3, Fig. 6.4, 
and Fig.6.5.  
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Fig. 6.3, Characteristics of proposed interleaved boost converter with novel switch adaptive 
control without auxiliary switch 
 
 
The performance of the proposed interleaved boost converter, with novel switch adaptive 
control, and without auxiliary the switch is shown in Fig. 6.3. This figure shows there is a 
high leakage current, high voltage and current stress on switch two (Mosfet and diode). This 
causes significant heat generation in switch two and quickly leads to failure of the switch 
two device. 
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Using the external auxiliary switch to isolate limb two ensures no current is flowing in the 
second interleaved boost converter limb. By using this strategy, there is a significant 
improvement in the characteristic performance of the converter, as shown in Fig. 6.4, there 
is measurable leakage current and significantly less current and voltage stress on the switch 
 
 
Fig. 6.4, Characteristics of the proposed interleaved boost converter with novel switch 
adaptive control with auxiliary switch 
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Here, Fig. 6.5, shows the efficiency of the interleaved boost converter with novel switch 
adaptive control; with and without the additional switch. As can be seen from the graph, it 
shows slightly better efficiency characteristics compared to the converter with the auxiliary 
switch, approximately (95.5%), compared to (95.2%). However, this is a compromise on 
efficiency which must be accepted in order for the converter to operate successfully under 
the proposed scheme. As described later in the thesis, one of the areas for future 
investigation is developing a strategy to mitigate the need for this auxiliary switch. 
 
 
Fig. 6.5, Efficiency of the proposed interleaved boost converter with novel switch adaptive 
control with and without additional switch 
 
 
6.1. Design of interleaved boost converter with novel switch adaptive control 
The interleaved boost converter with novel switch adaptive control combines all the 
principles of the discussed interleaved boost converter in Chapter five, but operates with 
both conventional and the interleaved boost converter modes of control, as required. 
 
Analysis and loss calculation for the interleaved boost converter with novel switch 
adaptive control 
The loss analysis of the proposed converter is the same as the loss analysis of the 
conventional boost converter below 500w/       , and its loss analysis is very similar to 
the interleaved boost converter above 500w/       . However, the auxiliary switch that is 
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used to turn ON and OFF the second limb of the interleaved boost converter must be 
considered; this switch does not operate under fast PWM operation  so the switching loss of 
the auxiliary switch is almost zero. The conduction loss of the auxiliary switch can be 
calculated as follows: 
                           (   (    (
   
 
)
 
 
Loss analysis of interleaved boost converter with novel switch adaptive control under 
loading condition above 500w/       : Using Table 5.2, Table 6.1 and by adding power 
loss of extra switch under loading condition.  
 
The efficiency of an interleaved boost converter with novel switch adaptive control at PV 
output power of G=1000 w/m² and T= 25 C˚, is illustrated below: 
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The efficiency of the interleaved boost converter with novel switch adaptive control at 
output power of PV panel under G =700 w/m² and T= 25 C˚, is illustrated below: 
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From the above analysis, the proposed converter, which uses an extra switch, has similar 
efficiency to the interleaved boost converter when operating under high irradiation 
conditions. 
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6.2. Control design of the interleaved boost converter with novel switch adaptive 
control 
The novel adaptive control switch of the interleaved boost converter is structured to isolate 
one limb by using a controlled switch before inductor two. The structure is also able to 
switch the limb on or off of the switch’s two signals as shown in Fig. 6.6. This control 
structure measures the PV current and PV voltage to monitor the PV power and follows a 
very simple request to operate as an interleaved boost converter (switch ON) at high PV 
power when the power is over a 25 Watts level and as a conventional boost converter 
(switch OFF) at low PV power when the PV power is lower than 25 Watts. The PWM unit 
generation with MPPT control in an interleaved boost converter with novel switch adaptive 
control is presented in Chapter four when the converter is operated as a conventional boost 
converter and is presented in chapter five when the converter is operated as an interleaved 
boost converter. This control policy works well as shown in Fig. 6.7, following the change 
of PV power point. 
 
 
 
Fig. 6.6, Pulse width modulator control for interleaved boost converter with novel  
adaptive control scheme 
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Fig. 6.7, Interleaved boost converter switching signals with novel adaptive control 
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6. 3. Results and discussion  
The interleaved boost converter with novel switch adaptive control is set up in simulation 
and an experiment to validate the theoretical analysis of the introduced standalone 
photovoltaic system. A maximum power point tracking (MPPT) control of perturb and 
observe algorithm is used to guarantee that the maximum power of a PV panel is engaged to 
the converter. The software and hardware are built to evaluate the interleaved boost 
converter with novel switch adaptive control in the introduced system, therefore tests are 
done with a mixture of power levels of photovoltaic panels (KD50SE-1P) and (HIP-
210NH1-BO-1) in Table 3.1 under a variety of atmospheric condition. Also, the tests are run 
with different load percentages. In addition, to validate the results, similar considered key 
design constraints and parameters are used on the interleaved boost converter with novel 
switch adaptive control in both software and hardware as shown in Table 6.1. It is evident 
that the interleaved boost converter with adaptive switching control topology is similar to 
the interleaved boost converter parameters. 
The results and discussion of simulation using Matlab (SimPower System) are shown from 
Fig. 6.8 to Fig. 6.29, then the experiment results and discussion from Fig. 6.30 to Fig. 6.38. 
The interleaved boost converter with adaptive switching control is simulated using the 
introduced method control to operate it at high efficiency at all times under different 
irradiation atmospheric condition.  
 
Table 6.1:  Parameters for interleaved boost converter with novel  
switch adaptive control 
 
Frequency = 20 kHz, 
Duty ratio = 0.1- 0.9 
Interleaved boost converter 
with novel switch adaptive 
control 
 
Capacitor  (Cin) 9.4 µF 
Inductors 
L1= 1 mH 
L2=1 mH 
Frequency 20kHz 
Capacitor (Cout) 44 µF 
Resistive load 100 & 195 Ω 
Mosfets 
 IPP075N15N3 G,  
(Ex-S = IRFB3077PBF) 
Diodes BYW29EX-200 
 
124 
 
6. 3.1.  Simulation results and discussion 
The relation of converter efficiency with its current inductor mode, in Fig. 6.8 with 
150w/       , shows that when it is operated as an interleaved boost converter, the low 
input current of the PV panel is shared between its limbs and the inductor current operates in 
discontinuous current mode that leads to a low efficiency level. However, when it is 
operated as a conventional boost converter, all of the input current of the PV panel is in one 
leg and the inductor current operates in continuous current mode that provides a high 
efficiency level.  Fig. 6.9 shows the opposite with 1000w/        when the extracted 
current of the PV is high, when the converter is operated as interleaved, the input current is 
divided between its limbs and the current inductor still operates in continuous current mode 
which gives a high efficiency level compared to when the converter is operated as a 
conventional converter. 
 
 
Fig. 6.8, Efficiency with inductor current of interleaved boost converter  
with novel switch adaptive control at 150w/        
 
  
 
Fig. 6.9, Efficiency with inductor current of interleaved boost converter 
with novel switch adaptive control at 1000w/         
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6.3.1.1. Boost converters under PV panel of 50 Watts and with resistive load 
The discussed converters are tested with load 195 Ohm and supplied by a solar array rated at 
50 Watts maximum with a rising irradiation profile as shown in Figs (6.10, and 6.11). As 
can be seen in Fig. 6.12, the conventional boost shows a reduction in efficiency when the PV 
power reaches approximately 24 Watts, whilst the interleaved boost still shows an 
improving efficiency characteristic when the PV power increase. Fig. 6.13 shows that the 
interleaved boost converter with novel switch adaptive control has a stable efficiency of 
around 95%. 
 
Fig. 6.10, Rise in irradiation over 50 Watt PV panel 
 
 
Fig. 6.11, Power of PV panel 50 Watt under raised irradiation conditions 
 
 
Fig. 6.12, Efficiency of interleaved and conventional boost converters under increased 
irradiation conditions 
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Fig. 6.13, Efficiency of interleaved boost converter with novel switch adaptive control under 
increased irradiation conditions 
 
The discussed converter is then tested under a fall in irradiation using the same solar panel 
of rate maximum 50 Watts with load 195 Ohm are shown in Figs (6.14 and 6.15). As seen in 
Fig. 6.16 the conventional boost converter shows a rise in efficiency when the PV power 
reaches approximately 25 Watts whilst the interleaved boost converter starts to demonstrate 
a drop in efficiency. Fig. 6.17 shows that the interleaved boost converter with novel switch 
adaptive control has a stable high efficiency of about 95% under a decrease in maximum PV 
power. 
 
 
Fig. 6.14, Decrease in irradiation over 50 Watt PV panel 
 
 
 
Fig. 6.15, Power of PV panel 50 Watts under decreased irradiation  
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Fig. 6.16, Efficiency of interleaved and conventional boost converters  
under a drop in irradiation conditions 
 
 
 
Fig. 6.17, Efficiency of interleaved boost converter with novel switch  
adaptive control under a drop in irradiation conditions 
 
 
6.3.1.2. Boost converters under PV panel of 210 Watts and with resistive load  
In Fig. 6.20 it can be seen that the conventional boost shows a drop in efficiency when PV 
power reaches about the 100 Watts level while the interleaved boost still shows higher 
efficiency. Moreover, the graph in Fig. 6.21 shows the interleaved boost converter with 
novel switch adaptive control has a stable high efficiency of about 95% under a rise of 
maximum PV power all the time. 
 
 
Fig. 6.18, Rise in irradiation over 210 Watts of PV panel 
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Fig. 6.19, Power of PV panel 210 Watts under increased irradiation conditions 
 
 
 
Fig. 6.20, Efficiency of interleaved and conventional boost converter  
under   arise in irradiation conditions 
 
 
Fig. 6.21, Efficiency of interleaved boost converter with novel switch  
adaptive control under a rise in irradiation conditions 
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Fig. 6.24 it can be seen that the conventional boost shows a rise in efficiency when the PV 
power reaches about 98 Watts power while the interleaved boost converter begins to show a 
drop in efficiency level. Fig. 6.25 shows that the interleaved boost converter with novel 
switch adaptive control has high efficiency of 95% under a decrease in maximum PV power. 
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Fig. 6.22, Fall in irradiation over 210 Watts PV panel 
 
 
Fig. 6.23, Power of PV panel 210 Watts under decreased irradiation conditions 
 
 
 
Fig. 6.24, Efficiency of interleaved and conventional boost converter  
under a drop in irradiation conditions 
 
 
Fig. 6.25, Efficiency of interleaved boost converter with novel switch 
adaptive control under a drop in irradiation conditions 
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6.3.1.3. Boost converters with inductive load  
The introduced boost converters are tested with inductive load (L=50 mH, R=80 Ohm), and 
supplied by a solar array of rate maximum 50 Watts with a rise in irradiation of atmospheric 
conditions are shown in Figs (6.26, and 6.27). In Fig. 6.28, it can be seen that the 
conventional boost shows a drop in efficiency when PV power reaches about the 25 Watt 
level, the interleaved boost shows a drop in efficiency when the PV power below 25 Watts 
and growth in efficiency level when the PV power over 25 Watts. Moreover, the graph in 
Fig. 6.29 shows the interleaved boost converter with novel switch adaptive control has a 
stable high efficiency of about 95% all the time under a rise of maximum PV power. 
Fig. 6.26, Rise in irradiation over 50 Watts PV panel 
Fig. 6.27, Power of PV panel 50 Watts under raised irradiation conditions 
 
Fig. 6.28, Efficiency of interleaved and conventional boost converters under increased 
irradiation conditions and with inductive load 
 
Fig. 6.29, Efficiency of interleaved boost converter with novel switch adaptive control under 
increased irradiation conditions and with inductive load 
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6. 3.2. Experimental results and discussion  
The interleaved boost converter with novel switch adaptive control is tested with a solar 
panel of maximum power rate 50 Watts. For laboratory safety reasons the 210 Watts solar 
array has not been used. With its switch control, the converter uses only one phase when it is 
operating in conventional boost converter mode and two phases operating 180 degrees out of 
phase with each other when operating in interleaved boost converter mode. Pulse width 
modulation pins of the DSP are programmed to switch the gate voltage of the power Mosfet 
switch (Sc-switch) ON and OFF to isolate one of the limbs as shown in Fig. 6.7. The 
maximum power, current and voltage of the PV panel using an interleaved boost converter 
with novel switch adaptive control are obtained under different irradiation condition levels 
150w/       , 500w/       , 1000w/        respectively. 
At weather condition of 150w/        in Fig.6.30, the interleaved boost converter with 
novel switch adaptive control shows [channel 1] a maximum current array of 0.444 Amps 
with ripple of 0.039 Amps with ripple frequency of 10 KHz, maximum voltage array of 16.3 
Volts with ripple of 1.47 Volts [channel 4], inductor 2 current at zero when limb two is 
isolated by the novel switch adaptive control [channel 3], and the current of inductor 1 in 
continuous conduction mode is 0.650 Amps [channel 2]. 
 
 
Fig. 6.30, Interleaved boost converter with novel switch adaptive control at  
irradiation =150w/        
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In addition, Fig 6.31, shows the proposed boost converter at weather condition of 
150w/       , with load current of 0.224 Amps with ripple approximates 0.0005 Amps 
[channel 1], and load voltage of 35.2 Volts with ripple is about 0.081 Volts [channel 4]. 
 
 
Fig. 6.31, Output current and voltage of interleaved boost converters with novel  
switch adaptive control at irradiation =150w/        
 
At irradiance levels of 500w/       , as seen in Fig. 6.32, the proposed boost converter 
control system operates at around 25 Watts. Results demonstrate a good dynamic response 
which adapts well to power variations during to operating conditions. Furthermore, the PV 
voltage quality is not affected by both transition periods and no significant distortion is 
observed in the voltage. The proposed converter reveals a maximum PV power of about 25 
Watt, maximum current of 1.2 Amps [channel 1] a maximum PV voltage of 16.4 Volts 
[channel 4], inductor 2 current of 0.208 Amps [channel 3] when the limb two is non-isolated 
by the novel switch adaptive control, and inductor 1 current of 0.948 Amps [channel 2]. 
Also, Figs 6.33 shows the load characteristics waveforms at the time of response to the 
proposed boost converter’ novel switch adaptive control at around operating point level of 
the maximum PV, shows load current of 0.350 Amps [channel 1], a load voltage of 65.2 
Volts [channel 4], and load power of approximately 20 Watts. 
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Fig. 6.32, Interleaved boost converter with novel switch adaptive control responses to  
PV power change around irradiation of 500w/        
 
 
Fig. 6.33, Outputs response of interleaved boost converter with novel switch adaptive  
control under PV power change around irradiation of 500w/        
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Fig. 6.34 shows the change of the proposed boost converter from conventional boost 
converter mode to interleaved boost converter mode at irradiation 500w/         which is 
achieved via the novel switch adaptive control to operate. The proposed boost converter 
shows a maximum current array of 1.2 Amps [channel 1], inductor 1 current of 0.730 Amps 
in [channel 2], inductor 2 current of 0.436 Amps [channel 3] when the limb two is connected 
by the novel switch adaptive control, a maximum voltage array of 17.2 Volts in [channel 4], 
and the maximum PV power is 25 Watt. 
 
 
Fig. 6.34, Interleaved boost converter with novel switch adaptive control responses to  
transition from conventional to interleaved mode at irradiation of 500w/        
 
A shown in Fig 6.35, with conditions of 1000w/        , the proposed boost converter 
draws a PV panel current of 2.88 Amps with 0.25 Amps ripple and frequency of 10 KHz 
[channel 1] inductor current 1 is 1.43 Amps [channel 2], inductor current 2 is 1.38 Amps 
[channel 3],, and the maximum panel output voltage of 16.1 Volts with 1.4 Volts ripple 
[channel 4]. Furthermore, Fig. 6.36 shows the load characteristics of the interleaved boost 
converter with novel switch adaptive control at weather condition 1000w/        ; the 
load current is 0.495 Amps with 0.001 Amps ripple [channel 1] and the load voltage is 91.8 
Volts with 1.45 Volts ripple [channel 4]. The output current and voltage of the interleaved 
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boost converter with novel switch adaptive control have very little ripple, as shown in figure 
6.33. 
 
Fig. 6.35, Interleaved boost converter with novel switch adaptive control at irradiation  
of 1000w/        
 
 
 
Fig. 6.36, Output current and voltage of Interleaved boost converter with novel switch 
adaptive control at irradiation=1000w/       . 
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Measured efficiency: 
 
 
Table 6.2: Measured experimental efficiency of interleaved boost converter  
with novel switch adaptive control 
  
Interleaved boost converter with 
novel switch adaptive control 
efficiency (%) 
Irradiation (w/m^2) PV power Load = 195Ω Load = 100Ω 
150 7.5 90.93 92.14 
200 10 91.12 92.38 
300 15 91.86 92.5 
400 20 92.12 92.48 
500 25 91.92 91.76 
600 30 91.79 91.74 
700 35 91.81 91.84 
800 40 91.63 91.56 
900 45 91.59 91.35 
1000 50 91.84 91.46 
 
 
Table 6.3: Comparison of measured experimental efficiency 
Irradiation 
(w/m^2) 
 
Solar 
power  
(W) 
Conventional 
boost converter 
efficiency (%) 
Interleaved boost 
converter 
efficiency (%) 
Interleaved 
with novel 
switch 
adaptive 
control 
efficiency (%) 
100 5 91.51 87.51 90.69 
150 7.5 92.2 87.81 90.72 
200 10 92.52 88.49 91.22 
300 15 92.8 89.51 92.06 
400 20 92.77 90.59 92.4 
500 25 92.35 91.51 92.54 
600 30 92.11 91.8 92.39 
700 35 91.2 91.95 91.97 
800 40 90.77 91.9 91.89 
900 45 90.06 91.85 91.59 
1000 50 89.45 91.84 91.84 
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Discussion  
Efficiency results for the interleaved boost converter with novel switch adaptive control 
(under various tests of atmospheric conditions and variable resistive load) are shown in Fig. 
6.37 and in Table 6.2. As can be seen, the left axis (y) represents the efficiency of the 
converter with different load percentages, and axis (x) represents the maximum PV power 
that rises as the irradiation weather takes off that is shown on the right axis (y). The 
efficiency of the interleaved boost converter with novel switch adaptive control under 50 % 
(100 ohms) of its load, with low irradiation 150w/        and maximum available PV 
power of about 7 Watts, is 92.14%.  After  climbing to 300w/        and maximum 
available PV power of 15 Watts, the high efficiency level starts remain steady; as can be 
seen by similar results at irradiation levels of  450w/        and 600w/       . At 
1000w/        , at near maximum PV power, the efficiency of the converter reaches 91.46 
%. Moreover, with 100 percentage (195 ohm) a similar trend is observed; the converter 
shows the efficiency level to be around 91.9% at irradiation 400w/       , 
600w/       , and 900w/        with maximum obtainable array power, but the 
converter shows a lower efficiency of 91.9% at 150w/        and 200w/        when 
the maximum PV power reduces due to the decrease in irradiation. 
 
 
Fig. 6.37, Efficiency results of the experimental in the interleaved boost converter with 
novel switch adaptive control under irradiation atmosphere condition and load percentages 
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The results from the conventional power converters discussed in Chapter five and Chapter 
six, and the proposed topology (interleaved boost converter with novel switch adaptive 
control), are compared in Table 6.3. As can be seen in Fig. 6.38, the conventional boost 
converter drops in efficiency at high power; this scenario is expected by looking at equation 
(3.12), and has high efficiency at low power due to less current in the PV array. However, 
the interleaved boost converter shows the opposite, high efficiency at a high PV power level 
but shows a drop in efficiency at a low PV power level when the small current amount of PV 
is shared between interleaved limbs, operating in discontinued current mode (DCM), when 
switching loss dominates. Because the interleaved boost converter has two switches, the 
efficiency drops with a small PV panel current as compared to the conventional boost 
converter. The proposed, interleaved boost converter with novel switch adaptive control 
gives high efficiency with low and high PV power levels after combining the advantages of 
both a conventional and interleaved boost converter in the new projected converter scheme.  
 
 
Fig. 6.38, Experimental efficiency results of discussed boost converters with different power 
levels of PV under atmospheric conditions 
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Annual energy gain 
To convert power (kW) to energy (kWh), we assume the described converter will provide 
load power (49 Watts) for about 5 hours per day with irradiation 1000w/        , 365 days 
a year. With this example, the standalone PV system will produce 89.425 kWh energy per 
annum. Using the efficiency expression, the gained load power of discussed converter can 
be calculated as follows: 
     (                         
From this, the annually energy gained can be calculated as follows: 
Annual energy gained = (Gained load power of the standalone PV system)  (five hours of 
day at different irradiation level)   (365days of the year) 
Using this approach, similar energy gain figures can be calculated for different irradiance 
conditions for all three converter topologies; conventional boost converter, interleaved boost 
converter, and interleaved boost converter with novel switch adaptive control. The results 
are summarised in Table 6.4. Whilst a fairly simplistic approach, the results show that the 
interleaved boost converter with novel switch adaptive control achieves notable energy gain 
over the year given that the system will typically experience all irradiation conditions. 
 
Table 6.4: evaluated experimental of gained energy of presented boost converters 
 
 
Irradiation 
 
 
 
Max-
PV 
power 
Conventional  
boost converter 
Interleaved 
boost converter 
Interleaved 
boost converter 
with novel 
switch adaptive 
control 
 
 
Percentage 
improvement 
(%) 
Load 
power 
 
   (w) 
Annual 
energy 
gain 
(kwh) 
Load 
power 
 
   (w) 
Annual 
energy 
gain 
(kwh) 
Load 
power 
 
  (w) 
Annual 
energy 
gain 
(kwh) 
   (w/  )   (w) 
150 7.5 6.915 12.619 6.585 12.017 6.804 12.417 
3.328 
300 15 13.92 25.404 13.426 24.502 13.809 25.201 
2.852 
700 35 31.92 58.254 32.182 58.732 32.189 58.744 
0.841 
1000 50 44.725 81.623 45.92 83.804 45.92 83.804 
2.672 
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6.4. Summary 
The chapter has set out to combine the advantages of a conventional boost converter and an 
interleaved boost converter in a stage of the electronic power of standalone PV systems, so 
simulation and experimental are built to see the performance of the new proposed design in 
a standalone PV system under changeable atmospheric conditions. 
The design performance of the interleaved boost converter with novel switch adaptive 
control is carried out by using the same value of parameters in both tests (software and 
hardware). The switch devices and the diodes are chosen the same that are used with the 
conventional boost converter and interleaved boost converter which are selected after an 
extensive calculation of key design considerations. Mainly, the cost and efficiency are 
essential factors in any power plant generation. However, in this scheme extra switch (Sc-
switch) is added to the interleaved circuit to connect one of its limbs when it is needed. The 
requirement for an auxiliary switch in one limb of the proposed interleaved boost converter 
has been justified in simulation. It is also worth noting that this was also validated 
experimentally - the circuit failed (Mosfet failure) without this device!  
This part of the study has created a design and confirmed that through both via simulation 
and hardware experiments, the projected interleaved boost converter with novel switch 
adaptive control exhibits high efficiency at both low and high power of PV panel when there 
is a changeable level in weather insolation. In the case of different loads, the interleaved 
boost converter with novel switch adaptive control with changeable load conditions has a 
high efficiency when receiving a low PV array power and also a high efficiency as the 
obtained photovoltaic power increases. Furthermore, the proposed circuit promises to 
operate in continuous current mode with different levels of used photovoltaic power and 
shows worthy produced gained energy through the year. 
 To conclude, the interleaved boost converter with novel switch adaptive control is a good 
choice for a standalone PV system that requires operating energy in a changeable insolation 
climate. Also, the interleaved boost converter with novel switch adaptive control can be 
selected if the key consideration is to have a boost converter that has a non-complicated 
circuit to operate, a low current ripple, moderate cost and high efficiency. 
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7. Conclusion 
 
The aim of this project has been to conduct research into high efficiency standalone PV 
systems. This thesis has proposed a new control methodology which can be applied to 
interleaved DC-DC converters systems to improve the efficiency yield in PV systems over a 
wide range of operating conditions, including low irradiance conditions where interleaved 
converters typically struggle due to the potential for discontinuous current mode operation.  
In order to achieve a high efficiency system, initial research into different MPPT algorithms 
was carried out. The survey revealed that there although significant research has been 
carried out into a vast number of different methods, the perturbation and observation (P&O) 
and incremental conductance (IC) based algorithms remain some of the most efficient and 
widely applied techniques on offer. For this reason, P&O was selected as the preferred 
method for achieving a high efficiency system in this work. Unfortunately, maximum power 
point tracking alone cannot overcome efficiency short falls in the power converter stage. 
Therefore, in order to transfer maximum power to the load, the DC-DC converter efficiency 
must also be improved. Literature review shows that much research has been carried out into 
developing new power converter topologies for high efficiency operation. However, this 
work has revealed that many of these solutions suffer from similar drawbacks; either the 
proposed solutions adds extra components and thus a rise in cost, controller complexity is 
significantly greater, or the power converter is optimised for maximum efficiency over a 
limited range. For this reason, this work set out to develop a simple power electronic and 
control solution, which offered excellent performance over both low and high irradiance 
conditions.  
After a full review of typical power converter topologies, the interleaved boost converter 
was selected for this work. The benefits of the interleaved boost converter technique include 
low ripple amplitude and high frequency ripple power at the input and output waveforms 
due to an effective increase in switching frequency. Therefore, there is a chance to minimize 
the size of inductors and capacitors that would be relatively large if conventional boost 
converter technology is used. Furthermore, for a similar power rating, the current flowing in 
each limb of the interleaved converter is lower than a conventional DC-DC converter, hence 
reducing overall (     losses. Unfortunately, operating an interleaved power converter under 
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low power conditions can lead to discontinuous current mode due to the split current in the 
separate branches. In photovoltaic applications this is a likely scenario under low irradiance 
conditions. At low power level where the switching losses dominate the interleaved 
converter will show low efficiency. In this case the presented conventional boost converter 
which has one branch to the current with fewer switches offers better efficiency.  
For this reason, this thesis presents an interleaved power converter with a novel, yet simple, 
adaptive control strategy. The circuit behaves as a normal interleaved boost converter under 
high solar irradiance conditions, but under low irradiance levels the switching pattern is 
adjusted in real time so as to behave in the same way as a conventional boost converter. To 
achieve this dual mode of operation, it is shown that a single additional switch is required in 
the circuit. Simulation results show that this additional switch is necessary to protect the 
circuit when one of the limbs of the interleaved converter is inactive. Practical work also 
confirms this, as the boost converter fails (MOSFET fails) if this protection is not provided. 
At the initial outset of this research, it was not expected that this additional switch would be 
necessary. A future research goal from this work is to develop new strategies to remove the 
need for this auxiliary switch. Simulation and experimental research has demonstrated that 
the proposed interleaved boost converter controller is capable of achieving maximum power 
conversion efficiency at all times, under a wide range of atmospheric conditions and with 
different levels of load conditions. In this way, one of the major objectives of the research 
has been successful. To quantify the improvement of the system, results from this proposed 
power converter solution have been compared to a conventional DC/DC boost converter and 
a conventionally controlled interleaved boost converter. The following conclusions are made 
from the work: 
Conventional boost converter: The study has found and confirmed through both 
simulation and experimental work that the conventional boost converter demonstrates the 
greatest PV panel output ripple and ripple in the power delivered to the load. Importantly, 
compared to the interleaved power converter, the conventional boost converter has a drop in 
efficiency at high power levels when there is higher insolation. However, the efficiency of 
the conventional boost converter increases when the output power of the PV solar panel 
drops due to a sudden fall of irradiation. In the case of a changeable load, the conventional 
boost converter with variable resistive load shows higher efficiency as the output 
photovoltaic power decreases, but it still has a low efficiency when receiving high PV array 
power. Looking at the I-V characteristics of a typical solar panel, it can be seen that the 
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current is a major factor in solar energy, so it is expected that the losses will increase as the 
PV array current rises due to the increase in insolation. Simulation and experiment results 
show that the conventional boost converter could be a good choice for a standalone PV 
system that regularly operates in low insolation conditions. Also the conventional boost 
converter can be selected if the key consideration is low cost and simple circuit operation. 
 
Interleaved boost converter: The study has found, and confirmed through software and 
hardware experiments, that the interleaved boost converter exhibits lower output 
voltage/current ripple in comparison with the conventional boost converter. Furthermore, the 
interleaved boost converter has highest efficiency at high levels. However, the efficiency of 
the interleaved boost converter decreases when the power of the PV solar panel declines due 
to a plunge of irradiation. Looking at the system under low irradiation conditions, it can be 
seen that only a small current is present in the circuit, and this is shared between interleaved 
limbs. Therefore, the circuit is prone to entering discontinuous current mode (DCM), where 
switching loss dominates.  An important conclusion from this stage of the work is that the 
efficiency characteristics are opposite to that of the conventional boost converter with 
respect to high/low irradiance conditions. 
 
Interleaved boost converter with novel switch adaptive control: Here, the research set 
out to combine the advantages of a conventional boost converter and an interleaved boost 
converter. Importantly, the proposed circuit extends the range whereby the circuit operates 
in continuous conduction mode to much lower irradiance conditions. The operation of the 
circuit has been confirmed in simulation and practically.  Additionally, in the case of 
different loads (resistive load or inductive load), the interleaved boost converter with novel 
switch adaptive control has shown high efficiency operation. The proposed boost converter 
has very attractive features, such as low current ripple at the input and output stages, low 
device stress. It promises to operate in continuous current mode over a wider range of 
operating conditions, and offers optimised high efficiency under all input and output 
conditions. In general, the circuit is a good choice for standalone PV systems that requires 
high efficiency operation in unpredictable weather conditions, or in locations which 
experience extended periods of time with low irradiance conditions. 
 
  
Suggestions for Future work 
 
The research in this thesis has considered the performance and efficiency of standalone PV 
systems. Based on the work presented in this thesis, areas for future work and consideration 
are summarized as follows: 
 
1. The main area of future research lies in addressing the effect of the auxiliary switch 
which is added to the proposed of interleaved boost converter topology. Ideally, 
research into the control strategy may reveal a method for removing this switch. At 
present, such a method has not been developed. Alternatively, it may be possible to 
use a bidirectional interleaved boost converter to isolate one limb of the interleaved 
circuit. This can be achieved by controlling the four MOSFET switches and dead 
band between the two switches of one limb is needed and this may add extra losses 
of energy. This study can be compared with the proposed interleaved boost converter 
in this work. 
2. A further study can be carried out to the proposed interleaved boost converter with 
novel switch adaptive control including active-clamp circuits or zero-voltage 
transmission ZVT commutation. With these circuits, it may be possible to further 
improve efficiency. 
3. Investigation could be extended to the work carried out in this research for other 
standalone PV system loads such as inductive and capacitive loads. The work could 
also be employed and investigated for grid connected photovoltaic applications and 
with renewable energy sources. Another application area for consideration is battery 
storage systems. 
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 Appendices 
Data sheet of 50 Watt solar panel 
 
  
 
 Data sheet of 210 Watt solar panel 
 
  
 
 
 Results of measured efficiency to conventional boost converter and interleaved boost 
converter under irradiation conditions: 
 
Table 4.4: Conventional boost converter measured hardware experiment efficiency; test is 
run in Aug of 2012 
Irradiation 
(w/m^2) 
Conventional boost converter 
efficiency (%)  
with load 195 ohm 
100 91.51 
150 92.2 
200 92.52 
300 92.8 
400 92.77 
500 92.35 
600 92.11 
700 91.2 
800 90.77 
900 90.06 
1000 89.45 
 
Table 5.4: Interleaved boost converter measured hardware experiment efficiency; test is run 
in Aug of 2012 
Irradiation (w/m^2) 
Interleaved boost 
converter efficiency (%) 
With load 195 ohm 
100 87.51 
150 87.81 
200 88.49 
300 89.51 
400 90.59 
500 91.51 
600 91.8 
700 91.95 
800 91.9 
900 91.85 
1000 91.84 
 
 
 
 
 Analysis and calculation power losses to conventional boost converter 
 
- The following demonstrates the losses analysis with different loading conditions to 
the main elements of the interleaved boost converter (inductors, Mosfet switches and 
diodes): when the output power of PV panel with G=300 w/m² and T=25C˚ gives 
maximum power (       ) = 59.99W, maximum power voltage (        ) = 38.5V 
and maximum power current (        ) = 1.55 A. 
Because the assumption of efficiency is 100% then the output power is equal to the input 
power, so the output voltage of the converter under PV panel with G=300 w/m².   
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Losses of inductor: 
power losses on inductor with    = 9 % can be calculated as follows: 
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Here the forward current is equal to the maximum inductor current (     ) 
                                  (      (     (        = 0.485 Watt                                                      
 
The efficiency of the interleaved boost converter with output power of the PV panel under 
G=150 w/m² and T= 25 C˚ as below: 
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- Calculation of losses analysis with different loading conditions to the main elements 
of the interleaved boost converter (inductors, Mosfet switches and diodes) is as 
follows, when the output power of the PV panel with G=700 w/m² and T=25C˚ gives 
maximum power (       ) = 145.7W, maximum power voltage (        ) = 
40.28V, and maximum power current (        ) = 3.618 A. 
 
As assumption of efficiency is 100% then the output power is equal to the input power, so 
the output voltage of the converter under the PV panel with G=700 w/m².   
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Losses of inductor: 
power losses on inductor with    = 9 % can be calculated as follows: 
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Losses of diode: 
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Here the forward current is equal to the maximum inductor current (     ) 
                                  (      (      (        = 0.777 Watt                                                      
 
Efficiency of the interleaved boost converter with output power of the PV panel under 
G=700 w/m² and T= 25 C˚ as below: 
 
   
        (                         
       
      
       
  
      (      (                    (                 
     
     
       
  
Analysis and calculation power losses to interleaved boost converter 
 
- Calculation of losses analysis with different loading conditions to the main elements 
of the interleaved boost converter (inductors, Mosfet switches and diodes), when the 
output power of PV panel with G=300 w/m² and T=25C˚ gives maximum power 
(       ) = 59.99W, maximum power voltage (        ) = 38.5V and maximum 
power current (        ) = 1.55 A. 
Because the assumption of efficiency is 100% then the output power is equal to the input 
power, so the output voltage of the converter under the PV panel with G=300 w/m².   
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Losses of inductor: 
Then power losses on inductor with    = 9 % can be calculated as follows: 
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Whole losses on inductors of the interleaved boost converter are as follows: 
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Losses of Mosfet switch: 
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Losses of diode: 
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Here the forward current is equal to the maximum inductor current (     ) 
                                   (      (       (        = 0.485 Watt                                                      
 
Efficiency of the interleaved boost converter with output power of the PV panel under 
G=300 w/m² and T= 25 C˚ as below: 
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- The following is losses analysis with different loading conditions to the main 
elements of the interleaved boost converter (inductors, Mosfet switches and diodes), 
when the output power of the PV panel with G=700 w/m² and T=25C˚ gives 
maximum power (       ) = 145.7W, maximum power voltage (        ) = 
40.28V, and maximum power current (        ) = 3.618 A. 
As the assumption of efficiency is 100% then the output power is equal to the input power, 
so the output voltage of the converter under the PV panel with G=700 w/m².   
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Losses of inductor: 
Then power losses on the inductor with    = 9 % can be calculated as follows: 
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Whole losses on inductors of the interleaved boost converter are as follows: 
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Losses of Mosfet switch: 
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Losses of diode: 
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Here the forward current is equal to the maximum inductor current (     ) 
                                   (      (        (        = 0.777 Watt                                                      
 
Efficiency of interleaved boost converter with output power of the PV panel under G=700 
w/m² and T= 25 C˚ as below: 
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 The output power ripple of conventional and interleaved boost converter: 
 
The output power of the conventional and interleaved boost converter is obtained under 
different irradiation conditions. As shown in the figures bellow, the output power ripple 
amplitude of the interleaved boost converter is lower than the conventional boost converter.  
Also, the interleaved boost converter has more output ripple frequency and higher output 
power in comparison with the conventional boost converter with the same input power under 
irradiation 500w/       . However, the conventional boost converter shows higher output 
power than the interleaved boost converter with input power under irradiation 100w/   
      This shows and proves that the interleaved boost converter has small losses at high 
power levels and large losses at low power levels, while the conventional is vice versa. 
 
 
Figure : Output power of conventional and interleaved boost converter under 500w/   
      
 
 
Figure : Output power of conventional and interleaved boost converter under 100w/   
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